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ABSTRACT 
Design Optimization of the First Stage Fan Blade of a Low Bypass Turbofan Engine 
(April 2006) 
Troy James Ramnath, B.S., Embry-Riddle Aeronautical University 
Chair of Advisory Committee: Dr. M. Attia 
A procedure for solving for and analyzing the aerodynamics, thermodynamics, and blade 
geometry across the first stage rotor blade under an extreme set of conditions, while altering 
several design parameters, has been developed and applied. The conditions for which the 
analyses have been developed were designed for the use of, but not exclusively limited to the 
application of, military aircraft at altitude. The approach consists of solving for specific key 
performance parameters across the first stage rotor and analyzing their trends due to the effect of 
varying other parameters, such as the axial velocity at the rotor's trailing edge, circumferential 
velocity at the rotor's trailing edge, and the blade hub-to-tip ratio, over a wide range. The 
preliminary rotor geometry and its complimentary fluid flow field parameters were then solved 
for and analyzed at each combination of the varied parameters across the given range in 
parametric sensitivity study fashion. Due to the selected range of the varied input parameters, the 
optimal design of the rotor geometry can then be carefully selected based upon the calculated 
fluid flow field parameters, solved for at each design point. The most promising design was then 
chosen based upon a predetermined set of design and off-design performance criteria, and the 
design was verified using a well-established streamline curvature (through-flow) code, UD-
0300M. The results of both methods have been compared and their differences highlighted. 
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Whether it be for military aircraft requiring intense combat flight maneuvers at 
extreme altitudes, or just for commercial flight, today's technology enables the aerospace 
industry to explore and expand upon countless possibilities of new weight-saving engine 
designs while maintaining, or in some cases increasing operational efficiencies. A large 
contribution to these developments involves new improvements in the field of aerospace 
materials and more importantly, the advancement of design in blading and annulus 
geometry. Due to the improvements in today's computer technology and software 
complexity, the flow through an axial engine compressor may be closely rqpresented 
through viscid airflow simulation and analyzed. With this technology at our fingertips, 
one can further investigate the optimization of the compressor section of the engine by 
focusing on a specific aircraft's requirements. For commercial applications, focusing on 
such issues as fuel efficiency, noise reduction, speed, ceiling limit, and low fuel 
emissions are priority. For military, these would definitely be desirable, but 
maneuverability, speed, and acceleration at altitude cannot be compromised at any cost. 
With these requirements in mind, one can focus on a specific aspect of engine 
compressor design and optimize it. The area focused on within this thesis is the design of 
the compressor annulus and first stage rotor geometry for a pressure rise of 3.0, at an 
altitude of 12,500 m (approx. 41,000 ft). 
A* Pressure Rise Across the First Stage Rotor 
Through increasing the pressure rise across a single stage, fewer stages will be 
required to achieve the same total pressure rise across the entire compressor. Because the 
rotor within the first stage of the compressor is the initial contact point of the fluid 
through the engine (provided there are no inlet guide vanes, which is the case in this 
design), it is the most critical point of the flow, and must be thoroughly analyzed to 
ensure that the engine will operate at optimal efficiency, and without surge or choking. 
Since the optimization of the first stage rotor will reduce the number of stages required to 
1 
achieve the same overall pressure rise across the compressor section, the length of the 
entire compressor section would be shortened, which would yield a significant weight 
savings. This would sequentially lower fuel associated operational costs, and in the long 
term, will also lead to a reduction in costs related to repair/overhaul maintenance due to a 
fewer number of stages and blading to maintain. Over the years, the number of 
compressor stages required to obtain a given overall pressure ratio have dropped 
drastically due to the advancement of compressor design, as seen in Table 1.1. Although 
the dates are approximate, they are adequate enough to illustrate the improvements in 
compressor design over the years 





















Just one of the many sacrifices in designing the first stage of a compressor to 
obtain such a large pressure ratio is that the relative flow near the tip of the blades will 
become transonic. This will create shock waves that can affect the performance of the 
compressor and engine altogether. Although such a bold design may be considered, the 
challenge involved with such a design is to allow for engine operation at this extreme 
pressure ratio at altitude without compromising safety of operation or overall efficiency. 
B. Literature Survey 
For military aircraft that operate faster and higher now than ever before, 
increasing the pressure rise across the compressor has been so appealing due to the 
significant reduction in overall engine weight. In recent years, the number of techniques 
used to increase the pressure rise across a single compressor stage has risen due to a 
growing interest in this area of engine design. Such techniques include the design of 
blades with lower aspect ratios, larger taper in annulus design, lower hub-to-tip ratios, 
and splitter mechanisms at the blade tips, which are able to handle generally higher rpms 
and mass flows. Although many designs have been analyzed and proposed, only a few 
have been followed through to manufacture and testing due to the complexity involved 
2 
and the relatively high expense associated with design, implementation, and testing. All 
other designs not tested have only been recommended based upon results from 
mathematical models, and/or analytical models. To validate the design proposed within 
this thesis, the steps involved with its design will be measured up to those of other 
research documents, and their differences highlighted. 
In order to increase the pressure rise across the first stage rotor, a greater change 
in the annular area through the blade row, higher flow capacity, and a shorter blade width 
are required. Thus, the blade chord length must be as small as possible and the hub-to-tip 
ratios be lower while high axial velocities are required. With the aforementioned 
incorporated into the design, the first stage rotor of an advanced multistage compressor 
may resemble the design of Figure l.(a) or (b), below. A blade designed to have such a 
significant change in the annular area through the blade row will have streamlines with a 
fair sized curvature across the blade. With bending streamlines across the blade surface, 
computational through-flow techniques can become fairly complex, possibly reducing the 
accuracy of their results. Such geometric alterations can greatly affect the results and 
should be used carefully as to maintain computational simplicity. To avoid this, one can 
calculate the through-flow parameters using a number of different mathematical 
techniques and compare their differences. 
y ¥ y 
(a) (b) (c) 
Figure 1.1: (a) Advanced blade design, (b) Advanced blade design, (c) Current blade design. 
A previous study [5] involved the investigation upon the effect of Mach number 
on the over-all performance of an axial-flow compressor, designed for high-pressure 
ratios. This particular study did not account for any variation of blade performance with 
mach number. Also, since the blade geometry was not taken into account, standard 
3 
NACA 65-series blower-blade sections were used. With such a blade design used in this 
type of performance study, the blade would reach its maximum loading capacity and lose 
efficiency at lower inlet relative Mach numbers than that of a blade optimally designed in 
the same scenario, as in the case if this study. Not optimizing the blade geometry would 
limit the overall pressure ratio obtained. In another study [3], the relative inlet mach 
numbers at the mean radius of the rotor blades was varied from 0.34 to 0.91, thus the 
flow through the compressor reached transonic speeds. The maximum total pressure rise 
across the first stage in this particular study was in the range of only 1.5. Thus, by going a 
step further, the analysis within this report will consist of evaluating the flow across a 
blade row at various blade and annulus geometries, and an optimum blade design will be 
determined to satisfy performance for a total pressure rise of 3.0 at high efficiency. 
Figure 1.2: Sketch of the flow through a supersonic cascade 
The basis for a high efficiency compressor is a high mass flow rate and a high 
pressure-ratio. In order to for a compressor with fewer stages to achieve a large overall 
4 
pressure ratio for a high inlet mass flow, the first or the first and the second stages of the 
compressor will have to work in the transonic flow region. The relative flow can be 
subsonic near the hub, but will be supersonic at the tip. In order for this to happen, the 
flow will change from a high subsonic to a low supersonic relative Mach number at some 
location across the blade's length. At this critical location, a shock wave will form. This 
Shockwave will then propagate to the L.E. of the rotor blade immediately downstream, as 
indicated in the figure below. 
When a shock wave forms, it will cause additional flow losses and will thus 
hinder the flow due to an increase in boundary layer up-stream. To reduce the effects of 
shock, the blade can be designed in such a way that the transonic flow effects will only 
occur near the blade tip. This has already been implemented on many of today's engine 
designs where the leading edge of the blade is swept back to help lower tip velocities and 
extend the shock zone to near the tip radii. Although this condition is unique, it is a 
common limitation in many modern engines in service today and cannot be avoided, but 
should be kept in mind during the designing phase of a compressor stage. 
In recent years, numerical and analytical models have been relied upon for 
solutions to transonic compressor design problems. However, neither the numerical nor 
the analytical methods can predict the flow exactly. For compressor designs involving 
supersonic flows, the complexity involved with calculating the flow field variables across 
a blade row increases since these supersonic flows contain shock zones, which cause 
additional flow losses that are difficult to account for. Also, the supersonic flows will 
result in a choking phenomenon. This is where the axial component of velocity, Wj is not 
influenced by the downstream pressure (if the pressure is not too large). Thus, numerical 
and analytical models are not accurate and should only be used only as approximations in 
the study and design of compressor stages. 
Several different blade design techniques have been performed throughout the 
course of this research proposal, including a preliminary design analysis and an advanced 
through-flow analysis. The resulting blade geometry and airflow properties have been 




Prior to the analysis of flow through the first stage compressor rotor blade row, it 
is crucial that the elementary concepts and theory behind compressor aerodynamics is 
discussed and understood. 
A. Fundamental Compressor Theory 
As air flows through the compressor and into the combustion chamber, it passes 
through multiple stages, all of which channel the flow while compressing it and slowing 
it down. Each stage consists of a rotor (rotating blade) and a stator (stationary blade). Of 
the many stages in the compressor, the first stage is of utmost importance as it is the first 
point of contact between the free stream air and the engine (besides inlet guide vanes and 
annulus walls). As the free stream air contacts the first rotor blade, it is propelled radially 
as the rotor blade turns. At this point the velocity of the fluid is changed from an axial 
direction and magnitude into radial and tangential components. In newer compressor 
designs, the annulus upper and lower casing walls may converge across the rotor's axial 
length in addition to the added velocity component from the rotating blade row. 
Understanding the magnitude 
and direction of each streamline 
vector in such a blade row can 
become cumbersome. Due to the 
relatively complex 3-dimensional 
flow through the first stage rotor 
(Figure 3., to the right), a more clear 
way of analyzing the flow is to 
convert this 3-dimensional view into 
a meridional plane view, as shown in 
Figure 4., on the next page. Now the 
flow is transposed to a 2-dimensional 




Figure 2.1:3-dimensional view of the flow across 
the first stage rotor blade row 
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be accounted for in the accompanying velocity triangles through the use of blade angles 
a, and p, which is to be discussed shortly. 
The circled station numbers 1 and 2 in the figure below represent the locations 
through the annulus channel at which calculations are to be performed. Both static and 
total conditions can be solved for at each indicated station. Flow field properties solved 
for at the static conditions are indicated at each station by the inclusion of a subscript of 
the station number, whereas flow field properties solved for at the total conditions are 
indicated at each station by a subscript of zero, followed by the station number. For 
example, the static and total pressures calculated at station 1 are represented by Pj9 and 
Poi, respectively. 
Figure 2.2: Meridional plane view of the flow across the first stage rotor blade row 
The flow field velocity in the meridional plane will still have 2 vector components 
to account for the third dimension; axial, and tangential (whirl velocity). The use of 
velocity triangle diagrams will helps to illustrate how the magnitude and direction of the 
in-coming velocity is changed across the first stage rotor blade. The direction of the 
vector components on the velocity triangle diagrams are indicated with the aid of blade 
angles a, and /?, while their magnitudes can be calculated through the use of basic 
trigonometry and vector addition, which will be discussed in detail in Section B.4. 
Conventional velocity vector notation will be assigned to each of the velocity 
components here for simplicity and clarity. 
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A.1. Velocity Triangles 
In general, it is essential to consider the 3-dimensional effects in analyzing the 
flow across a blade row. Near the front end of the compressor, the blade speeds (and flow 
velocities) will vary significantly from the blade hub to the blade tip, since the blades are 
long here. This will require the use of three velocity triangles at each computing station, 
one at the hub, mean-line, and one at the tip of the blade. However, at the back end of the 
compressor, the blades are shorter, and thus the blade speeds will be very similar between 
the hub and tip of the blade. Due to this, it is more convenient to analyze the flow 
velocity only at the mean-line of the blade. Therefore, only one velocity triangle will be 
required at the L.E. and T.E. of each of the later compressor stage rotor and stator blades. 
Although, since the focus of this research proposal only entails the design of the first 
stage rotor, only the velocities at the first stage rotor L.E. and T.E. will be discussed 
herein. 
Figure 23: Velocity triangles of the flow across the first stage rotor blade row 
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A.2. Inlet Absolute Flow Angle 
The airflow entering an aircraft's engine compressor section can travel at 
relatively high speeds depending on the aircraft's velocity as well as local atmospheric 
conditions. This can pose a severe problem when the velocity of the incoming air 
approaches mach speeds within the compressor blading. To help reduce internal flow 
speeds, a mechanism known as an inlet guide vane can be installed immediately forward 
of the compressor section inlet. The purpose of this guide vane is to alter the direction of 
the entering airflow absolute velocity from purely axial into axial and tangential 
components. In doing this, the inlet absolute flow angle of the guide vanes will cause the 
relative tangential velocity Wuj to drop in value while the absolute tangential velocity 
VUti will rise. This will aid in reducing or eliminating the presence of supersonic airflow 
and their resulting shock waves within the compressor blading. It must be understood that 
this inlet absolute flow angle will not affect the purely radial velocity component of the 
velocity triangle. 
For compressors with no inlet guide vanes, the first stage rotor inlet velocity 
triangle will be in the form of a right triangle with the absolute velocity being entirely 
axial since cci = 0°, and thus Vuj = 0.0 m/sec. However, when an inlet guide vane is 
present, aj > 0° and the velocity triangle will be scalene with VUfI * 0.0 m/sec. 
Therefore, it can be said that as aj is increased from zero degrees, Vaxiaij and Wuj will 
decrease accordingly while Vuj will rise. However, despite its positive impact on internal 
compressor airflow speeds, the inlet absolute flow angle aj has not been varied in the 
calculations due to the complexity of the parametric study. 
A.3, Mean-Line r „-: r . Ratio 
mean ,2 meant\ 
In every compressor design, the type of annulus section required at each blade 
row must be considered based upon the desired compressor operating conditions. By 
designating an rmeana: rmeanl ratio, the annulus shape across the first stage rotor can be 
chosen such that the desired trailing edge velocity triangles can be obtained. Since 
Inr
 tct> Ircr „fl> Umeanl= 2 ^ ! - and £/ = ^ ^ _ , it follows that the r 7:r , ratio is 
mean,! sr\ meanyz ,-r\ 7 meant2 mean,l •••»**•* v * • -» 
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directly proportional to the Umeanl: Umeanl ratio. Thus, for example if rnean2 = 115%rmeanfl, 
then by inspection Unean2 = W5%Umeanl. 
Although there can be a countless number of rmeanl\rmeanX rotor geometric 
variations, there are three basic rotor designs, and hence three basic annulus section 
shapes; (a) r ,<r ., (b) r =r ,, and (c) r ,>r . . A negative hade angle 
* > \ / mean,! mean,\ » \ ' mean,2 mean,\ » V / ' mean,2 mean,\ O o 
(6) will result when r ,<r ., and r ,>r . will yield a positive hade angle while 
' mean,2 mean,I 7 mean,L mean,I * * «-' 
1»«»i12==rm«iii,i giy e s a blade design with no hade angle. 
mean,! mean A mean,! mean,I mean ,2 mean,\ 
f <*• r ~ r r ^ r 
mean,! mean A mean,! mean,] mean,! ' mean, 1 
e<o° e=o° o>o° 
(a) (b) (c) 
Figure 2.4: Various Rotor Designs, (a) for an outer casing converging annulus, (b) for an outer/inner 
casing converging annulus, (c) for an inner casing diverging annulus 
Each of the three general rotor designs may have their advantages for different 
desired compressor applications. For a compressor design containing supersonic flow 
across its first stage, it is advantageous to include a rotor design similar to that of Figure 
2.4.(c), where the annulus hub wall casing is divergent while the tip wall casing may 
remain constant or slightly convergent. In general, the centripetal forces created by the 
rotating rotor blade row will cause the whirl velocity Vu to naturally propagate radially 
outward towards the blade tip as it travels through the compressor. For an efficient blade 
design, the rotor must do most of its work at or near the hub of the blade, since at the tip 
there are excessive losses that will hinder this. By enforcing U , > U ., this would 
~ *-' mean,*. meanyl ' 
result in the mean blade speed increasing with stage number. Due to this, for a given 
temperature rise AVU will be reduced. As well, since the blade speeds are higher, a higher 
temperature rise could be achieved in the later stages, which might permit the required 
pressure ratio to be obtained in fewer stages. Thus, since a high pressure-rise is desired in 
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this compressors design, it is beneficial to consider a rmean2 > rmeanl ratio for an off-
design analysis. 
A.4. Mean-Line V.
 mttan 7: V. mm. Ratio 
axiat,mean,Z axial,mean ,\ 
Another design mechanism that will contribute to the shaping of a desirable blade 
geometry and its corresponding annulus shape is the relationship between Vaxta/ mean 2 and 
Va«ai,meanA' BY establishing a Vaxial mean2: Vaxial mean f] ratio, the cross-sectional area at the 
rotor exit can be governed. Controlling the area at the rotor's trailing edge will determine 
the trailing edge hub and tip radii since the mean-line radius has already been situated 
due to the rmean 2: rmean, ratio. Through altering the rotor cross-sectional exit area, the exit 
velocity triangles are directly affected. Because the inlet flow rate will equal the flow rate 
exiting the blade row, the flow rate is constant (m/ = m )^. Given this relation, it follows 
from mi = PtVaxmi.mean.iAi and m2 = P2Vaxud.mean.2A2 that when the V^^my.VmlimtmA 
ratio is greater than 1, the rotor trailing edge cross-sectional area is reduced as a result 
since it is inversely proportional to the velocity VaxsaJmean2. This drop in the exit cross-
sectional area will contribute to the increase of V , , and thus M . . Since M . is 
mean,l 7 mean72 mean,! 
P 
raised, PQ2 will also increase, which will give rise to an increase in the pressure ratio, ~-^L 
across the rotor blade row. 
With an increase in Mmm 2, an increase will also occur for all of the parameters at 
total conditions across the rotor exit. Because of this, both PF
 7 and M , 7 will also be 
' mean,1 rei,L 
directly affected, rising in value. This ratio will also affect the relative flow angles, 
lowering the angle as Vaxua mean 2 is increased. However, for a desirable design at such a 
high-pressure ratio, higher relative flow angles are desired, for reasons of increased work 
across the rotor. Thus, since both lowering and raising VaxMl mean 2 can benefit the design in 
different ways, this parameter should be varied across a fairly large range of values to 
help determine the best suitable Vaxiaimean2: Vaxia{mean} ratio for which the rmean2: rmeanX and 
hub: tip ratios will yield the most appealing design point. 
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A.5. Hub-To-Tip (htr) Ratio 
Due to the nature of a compressor's annulus, as the air flows across each stage, 
the cross-sectional area through which the air passes only gets smaller. As a result of this, 
the rotor and stator in each stage will experience an increase in the hub: tip ratio (htr) 
across the entire compressor. Therefore, it is typical for the first stage blading to have a 
relatively low htr, preventing the blading in the later stages from experiencing geometric 
and aerodynamic constraints due to such a high htr. 
Another perk of employing a lower htr at the entrance of the compressor is that 
the blading within the first few stages will have be longer but thinner in shape. This will 
yield a mean cross-sectional area that will represent a shape similar to that of a thick 
doughnut of small inner radius. 
00 
Figure 2.5: Effect of htr on rotor inlet cross-sectional area and radii; 
(a) for a low htr, (b) for a high htr 
Due to a lower htr, this larger area will allow for more airflow through the blade 
row up to higher flow speeds before the channel will choke and cause stalling. By setting 
the htr, the rotor inlet hub and tip radii are determined with the aid of the inlet cross-
sectional area, which is solved from the inlet flow rate. This enables the calculation of the 
rotor exit hub and tip radii using the exit area calculated from the previously mentioned 
rmean2:rmeanl ratio and the inlet/exit mass flow relationships. With this being said, the 
geometric design of the blade is largely affected by the influence of the htr, which in turn 
will determine the annulus shape. Thus, varying the htr as one of the parameters will 
have significant impact on the resulting geometric design of the blade row, and general 
shape of the remaining compressor stages. 
One other key benefit of designing the first stage rotor blade row with a low htr is 
that it will allow for a much longer and narrower blade shape. These geometric features 
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will enable a larger amount of twisting along the blades radii. This twist is crucial in the 
addition of work to the airflow at off-design conditions. Due to excessive tip losses, the 
more twisting that is accomplished along the blade radii near the root of the blade, the 
greater the amount of work will be done by the blade. 
A.6. Compressor Work and Thermodynamics 
Now that the 3-dimensional flow across a blade row is understood, the 
thermodynamics relating to the work done by the compressor must be considered. To 
gain a full understanding of how a compressor operates, it is crucial that the work done 
by both the rotor and stator blade rows are fully understood. Through the use of an h-s 
diagram, otherwise known as a Mollier Diagram, relationships between both the static 
and total enthalpy/entropy can be understood in relation to both the static and total 
pressures at each blade station. Since this research proposal only involves the design and 
optimization of the first stage rotor blade row, only the h-s trends across the first stage 
rotor will be discussed on the h-s diagram herein. 
As the free-stream air enters the compressor, its velocity will abruptly change in 
magnitude and direction. During the design phase, aside from the geometry of a rotor* s 
blade row and the airflow aerodynamics, the air's thermodynamic properties are equally 
important and must also be considered. Either computing for or experimentally 
measuring both the static and total fluid properties will accomplish this, although 
measurements of the flow are preferred for reasons of accuracy alone. However, 
experimental testing may quickly elevate costs associated with testing procedures and lab 
equipment that may be unnecessary since many different blade designs must be 
considered for an optimum design. Thus, during the design phase of a compressor's first 
stage rotor blade row, calculations are acceptable as it is only necessary to gain a rough 
idea of the ranges for all flow field parameters at this point in the design phase. 
Once all of the fluid properties are solved for at both the static and total 
conditions, the thermodynamic performance of the airflow can be mapped. Example of h-
s diagrams with constant pressure lines are shown below in Figure 2.6, for both absolute 
and relative frames of reference. Detailed calculations for all values of enthalpy and 
entropy across the first stage rotor blade row can be found in Section B.4 of this chapter. 
As indicated in the figure, the static enthalpy is slightly less than the total enthalpy due to 
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the difference in the static and total pressures at station 1 (at the rotor L.E.). The entropy 
remains unchanged at station 1 since the process here is isentropic. As the air flows 
across the rotor blade row to station 2 (at the rotor T.E.), both the static and total 
pressures rise, and thus cause the enthalpy to also increase accordingly. Along with this, 
an entropy rise occurs across the blade row since the process is non-isentropic. Again, as 
in the case of station 1, the entropy remains unchanged at station 2. 
h-s Diagrams for 1st Stage Rotor Blade Row 
As *- <* As 
Entropy, s (J/kg-K) Entropy, s (J/kg-K) 
(a) (b) 
Figure 2.6: h-s diagrams for optimum design of lft stage rotor; (a) for the absolute frame of 
reference, (b) for the relative frame of reference 
From these observations, it is confirmed that the process at stages 1 and 2 are both 
reversible and adiabatic, or otherwise known as isentropic since the entropy remains 
constant (ds = 0) at each of these stations. This isn't the case for the airflow crossing 
through the blade row. Here, it is shown that the entropy will increase from station 1 to 
station 2 (ds > 0), which indicates that the process is irreversible, but still adiabatic. 
It must be also be noted here that since enthalpy is directly a function of 
temperature and that the temperature will typically be higher at the later stages of a 
compressor, this means that the work input required to produce a given pressure rise is 
greater for the later stages. By capitalizing on the utilization of work input at the entrance 
of the compressor, less work will be required in the later stages of the compressor, 
perhaps eliminating them altogether. This is another key realization into the importance 
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of the optimization of compressor design for the first stage rotor blade row for a high-
pressure rise while maintaining a higher isentropic efficiency. Thus, by designating 
specific ranges for each of the V^
 mean 2: K ^ , ^ , , rmean2: rmeanl, and hub: tip ratios, the 
thermodynamic optimization of the blade will show through. However, a broad range will 
be selected for each parameter to gain a full understanding of where the optimum design 
will lye. 
A.7. Free Vortex Design 
Considering the forces acting on an infinitesimally small fluid element traveling 
through the blade row of unit width and having a density p, one can derive the basic 
equation expressing the balance between pressure forces and inertia forces on the fluid 
element. By sketching a free-body diagram of the fluid element in both a circumferential 





1 c w k W l 7 1 1 1 
* axial 
"^ J*** 1 vr 
(a) (b) 
Figure 2.7: Radial equilibrium of a fluid element; (a) circumferential view, (b) axial view 
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The pressure forces acting on the element in the radial direction must produce the 
total inertia force. There are three inertia forces acting on the fluid element, which can be 
expressed as follows. The centripetal force associated with the flow is 
mV2 V2 
Fa)=^ = (prdrd0)^ 2.1 
r r 
The radial force for the flow along the curved streamline is given by 
F{ii) =——cosa, =(pr drd0)-L-cosas 2.2 
where the suffix s refers to the component along the streamline and rs is the radius of 
curvature of the streamline. The radial component offeree for the acceleration along the 
streamline is 
dV dV 
Fa,* = m—-sin a, = (prdrd0)—Lsina 2.3 
(,,l)
 dt s V ' dt 
Combining all three inertia forces, the total inertia force is given by 
Ff = prdrdO K
2
 K2 dF5 . 
-^-H—^-coscr +—-sino: 
r r s dt 
2.4 
The pressure force producing this inertia force is obtained by resolving the body forces in 
the radial direction to give 
Fp = (P+dP) (r+dr)d0- /Vd0-2 | P + — Jdr— 2.5 
Equating the pressure and inertia forces, and neglecting all second-order terms, the set of 
equations reduce to 
I dP V2 V2 dV 
= -*-+—cosa +—^-sina, 2.6 
p dr r rs dt 
For purposes of simplicity, it can be assumed that rs is so large, and as is so small that the 
last two terms of this equation can be ignored. Thus the equation simplifies to 
1 dP V2 
p dr r 
which is otherwise known as the radial equilibrium equation. Note that the radial 
component of velocity is being neglected. In the spaces between the blade rows, Vr is 
very much smaller than either Vaxiai or Vu, and thus it can safely be assumed as negligible. 
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An energy equation, which expresses the variation of enthalpy with radius, can be 
deduced from the above Equation 2.7. The stagnation enthalpy h0 at any radius r where 
the absolute velocity is Vis given by 
A ^ A + ^ - A + i ^ + F ? ) 2.8 
and the variation of enthalpy with radius is therefore 
f!^ L
 = f^ + K dV™! i V dV" 2 9 
dr dr *** dr u dr 
Using the thermodynamic relationship Tds = dh , eqn. 2.9 expands to 
P 
dh ^ds
 A dT 1 dP 1 d P J n 
— = T—+ dy—+ r—dP 2.10 
dr dr dr /? dr p dr 
Simplifying eqn. 2.10 by dropping all second-order terms and substituting for — in eqn. 
dr 
2.9, eqn. 2.9 becomes 
d i > l d P
 TZ dV.. jrdVu 
—± = T—+ + Vaxial—£2«L+rtt—«- 2.11 
dr dr p dr dr dr 
Recalling eqn. 2.7, through substitution, eqn. 2.11 reduces to 




 Z 1 Z 
dr dr r dr dr 
ds 
However, the term T— in eqn. 2.12 represents the radial variation of energy loss dr 
across the annulus, and can significantly affect the outcome of any detailed compressor 
design calculations. Such would be the case of a compressor design where the airflow 
across the blade is supersonic and shock waves are present. For the purposes of 
simplification alone, the entropy gradient term will be considered as negligible and thus 
ignored. Although, in the event that calculations across multiple stages are required, the 
ds 
error accumulation involved with neglecting the T— term across each of the stages will 
dr 
weigh heavily on the results. But since the calculations required within this research 
proposal involve supersonic flow across the first stage rotor only, it will still be safe to 
assume this term is negligible. This assumption, although poor, will only be used for 
17 
simplicity during the calculations within this Chapter, and will be re-evaluated and 
corrected during the through flow analysis of Chapter 3. 
Another assumption that can be made here is that the radial distribution of 
enthalpy will remain unchanged at any point in the annulus channel. By design, this 
assumption can be imposed, applying the condition of constant specific work at all radii. 
This will allow the stagnation enthalpy to remain uniform across the annulus at the 
entrance to the compressor. Furthermore, by employing this assumption, although h0 
may increase progressively through the compressor in the axial direction, it's radial 
Ah 
distribution will remain uniform. Therefore the term —- will equal zero in any plane 
dr 
between a pair of blade rows. Taking these assumptions into account, eqn. 2.12 reduces 
to 
V2 dV dV 
— + ^ , ^ - ^ + ^  — = 0 2.13 
axial j u i 
r dr dr 
A special case commonly used in compressor design may now be considered. The 
condition that Vwdal will be maintained constant across the annulus will be applied, which 
dV . 
will result in the — s s sL term equaling zero. Therefore eqn. 2.13 simplifies to 
dr 
V dV 
-*- = — ^ = 0 2.14 
r dr 
Through integration, eqn. 2.14 will yield the following relationship: 
r - ^ = constant 2.15 
Thus, it can be said that the whirl velocity, Vu will vary inversely with radius, which is 
known as the free vortex condition. As verified in Section B.4, this condition will play an 
important role throughout the calculation process. 
B. Computational Analysis 
The computational approach in this study consists of two parts. The first sub-
problem involves the selection of parameters to be varied across a particular set of ranges 
while the others are held constant. Due to the complexity of the required calculations 
involved, only three parameters have been chosen as variable. The second sub-problem 
18 
consists of performing all of the calculations at each design point and selecting the most 
suitable first stage rotor design. 
B.l. Variable Parameters 
Aside from the fixed input parameters, several parameters were varied to 
determine the most appealing set of output variables for a compressor design with a 
pressure rise of 3.0. As discussed earlier in Chapter 1, in order to achieve a high-pressure 
rise, a change in the annular area through the blade row, a high flow capacity, and a short 
blade width are all required. 
Previously in Sections A.2 through to A.5 of this chapter, the four variables that 
were selected to aid in achieving the desired pressure rise areF^,
 mean 2, rmean 2, and htr. 
The axial velocity F ^
 mm 2 was selected as one of the variable parameters for this 
design due to its direct affect on the annulus area. As I^fl/jOT^n>2 *s varied both above and 
below Vaxial9m&mA, the cross-sectional area of the annulus only at the trailing edge will be 
altered accordingly to accommodate for the change in annular area through the blade row. 
In order for a short blade width to be incorporated into the design, the htr has been 
selected as another variable parameter to allow for any additional blade geometric 
variations required. The third variable parameter selected must influence a high flow 
capacity across the blade row. By selecting and controlling the blade T.E. mean radius 
rmean2, the desired velocity component Umean2 and remaining trailing edge velocity 
components can be obtained, such that a high flow capacity can be achieved. 
Do to the complexity involved with using so many independent variable 
parameters, a range of specific values were designated to each of the parameters, over 
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htr = 0.60 
htr = 0.55 
A/r = 0.50 
htr = 0.45 
htr = 0A0 
A/r = 0.35 
^ htr = 0.30 
Figure 2.8: Selected parametric ranges of Vaxgattmgama, rmean 2, and htr 
For each of the F. axial,mean ,2 ratios, every ratio of r 2 was analyzed, and for each 
mean,2 ratio, every possible ratio of htr was analyzed. Calculations for each possible 
combination of F 
axial,mean,2 9 mean,2 
rmean 2» an(^ ^ w e r e performed. Following all calculations, 
their results have been recorded in a parametric array in data table format. 
In addition to varying these parameters, all of the calculations were performed at 
two carefully selected yet distinctive rpm and inlet mass flow design points; /J7/M^=9,500 
& mA=2l kg/sec, rpm^r 11,000 & m#=27 kg/sec. To properly facilitate the analysis of the 
parametric data results, two separate data table arrays were constructed, one for each 
distinctive rpm and inlet mass flow design. 
Since the parameters F^,
 mean 2, rmean2, and htr were varied accordingly for two 
separate rpm and inlet mass flow design points, it is noticed that each possible 
combination of these variables will yield a total of 1260 individual potential design 
scenarios to choose from in selecting the optimum design point. Additional scenarios 
outside of the ranges listed above were also investigated to better understand many of the 
resulting parametric trends, however their collected results yielded poor designs and were 
not recorded due to this. 
B.2. Fixed Parameters 
Although several of the parameters were chosen to be varied over a specific set of 
ranges, the following parameters were fixed throughout the course of the analysis: 
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Table 2.1: Fixed Parameters 
Parameter Values 1 
rpmA = 9,500 rev/min 
rpmB = 11,000 rev/min 
v0= 0.0000173 m2/sec. 
P0= 17.865 kPa 
T0 = 216.7 K 
AR=13 
JZs«oge = 0.88 
Z>F= 0.48 
Altitude = 12,500 m 
/n^ = 21 kg/sec. 
/«B = 27 kg/sec. 
* = 287J/(kgK) 
« ? = 3.0 
Minlel = 0.6 




Cp= 1005.5 J/(kg-K) 
B3. Approach 
Once all variable and fixed parameters have been selected, a Microsoft Excel 
spreadsheet was constructed and the calculations were performed at each possible design 
point. The spreadsheet was constructed in such a fashion that all of the variable 
parameters could be entered in a specific location within the file, and all of the critical 
calculation results would be displayed directly below the input section. In addition to this, 
the spreadsheet was assembled such that the iterative solver function feature of the 
Microsoft Excel program was used to iteratively solve for T2 from a circular reference. 
To limit the scope of this research proposal, ranges for each of the variable 
parameters have been selected, as previously highlighted in Section B.l of this chapter. 
The criteria used to determine the upper and lower bounds of each of the variable 
parameters were based upon that of research and testing of both previous experimental 
designs and current designs in operation today. Refer to Appendix A for a summary table 
of the spreadsheet calculation solutions for the optimum parametric design point. 
In order to confine the search for the optimum design case from the many 
spreadsheet trials, an additional set of ranges has been selected for each of the critical 
calculated parameter results on the solved spreadsheet. This was done to help discard any 
inadequate trials and refine the number of possible design cases to choose from. The 
validity and selection of these ranges were again based upon that of both previous 
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experimental designs and current designs in operation today. Refer to Appendix B for the 
results of the parametric study in array format along with all of the detailed solutions. 
Furthermore, the spreadsheet was designed such that a flag within each of the 
calculated output parameter data fields on the sheet would be raised if the data field value 
was outside of a specific data range. The optimum design case was then chosen based 
upon the resulting calculated values for each parameter, for the design cases containing 
no raised flags within the any of the data result fields. The parameter limits for each of 
the crucial parameter field values were based upon the following criteria: 







0.25 < Work < 
MachreJtiPtLE <1.75 
MachreltipTE <1.0 





03<^m M r t<0.8 
Aphub<45.0° 
/W^ 7 0 0 ° 
PupTE^ 60.0° 
Nbf>0.0 
Through the use of the above assigned parameter ranges, the selection process for 
the optimum rotor design point was significantly reduced in difficulty. The ranges 
assisted in the hunt for the optimum design based entirely upon elimination. Out of the 
1260 possible design scenarios, there were only 18 design cases that required a thorough 
analysis to determine the most commanding design point. Apart from analyzing the 
calculated data result values for each design case containing no raised flags, plots were 
constructed and analyzed/compared for each set of output data. From studying the plots, 
many trends were observed, and their behavior in relation to the variation of each of the 
variable parameters was documented. As each of the parameters was varied, each family 
of plots was affected in an identifiable way. 
These characteristics are illustrated in the 
parametric design solution correlation plots of 
Appendix C, however only results for the 
optimum axial velocity setting 
Vaxiai,2=90%VaxiaU a r e provided. Table 2.3 
comprises a list of each of the output 
22 




















parameters that were plotted and evaluated at each of the 18 design points. 
For the sake of clarity, a numerical example will be used in the section to follow, 
however at the L.E. of the rotor blade only. These calculation procedures are also 
required at the T.E. of the blade. Although, since the calculation procedures for the rotor 
T.E. slightly differ from those at the L.E., for a complete breakdown of all calculations 
including the ones not used herein are included in Appendix D. The numbers used for this 
example are captured from the optimal design point in excel (Appendix B.L). 
B.4. Numerical Analysis 
Combining the theory previously discussed within Section A and the 
variable/fixed parameters covered earlier in Sections B.l and B.2 of this chapter, the first 
stage rotor flow field aerodynamics, geometry, and thermodynamic properties can now 
be numerically solved for. A detailed breakdown of each calculation required for the 
rotor L.E. preliminary design phase are included within this section. However, since the 
calculations involved at the trailing edge are very much similar to those at the L.E., they 
will not be included within the body of this report. The only T.E. calculations included 
within the body of this report are the enthalpy, entropy, and associated calculations along 
with an iterative calculation step for the temperature T2. Refer to Appendix D for a 
complete breakdown of all other first stage rotor calculations. 
B.4.1. Initial Conditions and Input Parameters 
The following fixed and variable input parameters were selected as the most 
favorable conditions for the design of the first stage rotor blade row: 
Table 2.4: Input Fixed & Variable Parameters 
Variable Parameters 
VmUj^Wiymuj 'Vw<m.r-130%rmi!ffl)t; htr=035 
Fixed Parameters 
rpmB - 11,000 rev/min 
r„= 216.7 K 
J? = 287J/(kgK) 
Vsugf = 0-88 
ZW = 0.48 
AR= 1.3 
Altitude=12,500 m (41,010.5 ft) 
Po= 17,865 Pa 
M«fa = 0.6 
*M. = 3 . 0 
^01 
CD= 1005.5 J/(kgK) 
v0 = 0.0000173 m/sec. 
mB - 27 kg/sec 
7™*r = 0.87 
7X = 0.9 
ar=0-0° 
#w = 41 
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B.4.2. Detailed Calculations 
All of the detailed calculations across the L.E. of the blade have been performed 
using the specified equations as follows: 
I) Station #1 Calculations at the Rotor Inlet (L.E.): 
Cv, =1005.5,, J ^-287.0: J (kg-K) ' (kg-K) 
2.16 
* . = « 
h = 1005.5 
V ( % • * ) 
(216.7£) 
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Note: Vaxial, will be the same for the hub, mean-line, 
and tip of the blade, at the rotor L.E. 
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Combining Equations 2.26 and 2.27 yields, 
4=4,/-(A/r)V) 




0 . 4 4 6 3 T O 2 
r
np ~ ^ | 7^  7^7~^2\ Note that htr = 0.35 for these sample calculations. 
H H ° - 3 5 ) 2 ) 
.-. rttp = 0.4024m 
K n o w i n g rttp, w e m a y now use Equation 2.26 again to determine rhub: 
r f c * = ( 0 - 3 5 ) ^ 2.26 
^ = ( 0 - 3 5 ) ( 0 . 4 0 2 4 T O ) 
:.rhub=z0.14Q8m 










H) Additional Mean-line Calculations at the Rotor Inlet (L.E.): 
!nrmm„(o 
TT mean 
mean A sr\ 2.29 
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2.33 
III) Calculations for the Total Conditions at the Rotor Inlet (L.E.): 
Using isentropic relationships for pressure and temperature, Pox and T0l may be 
solved. 
( 1.3994 1 
, ( (1.3994)-1. ^.2l(u994-i)J 
P01=(l7,865.0*Pa) 1+* - ^ — (0.6) 
2.34 
V 
/ . />,= 22,7S4.9KPa 
27 
TK=T,\\+!L±M;\ 2.35 
r„,=(216 ,*)( l+0^ (o.6)' 
.•.70I^232.3is: 
V2 2 . 3 6 
. (l77.01-^Y 
J \ sec,/ 217,891.85—]+-
. kg) 2 
.•.An, = 233,558.23— 
kg 
IV) Rotor Hub Calculations at the Rotor Inlet (L.E.): 









Using Free Vortex conditions as previously derived in Section A.7, V
 hub, may be solved; 
v — Vmean i p mean ly 





 10.1408m •X-=) 
• V ^0 0 0 — 
• •
 Vu,hubA — u - w 
sec 
Knowing that Vx ^^V^2+VU2 , Vhubx may be obtained; 2.38 
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V) Rotor Tip Calculations at the Rotor Inlet (L.E.): 
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Again, using Equation 2.38, Vx can be obtained at the tip of the blade; 
*l = V ^ c / f l / » 1 + UA 
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VI) Station #2 Calculations at the Rotor Exit (T.E.): 
To solve for T2, the parameters T02, M2, and y2 must be known. To solve for M2, 
a2 must be calculated. But solving for a2 requires that y2, Cp2, and T2 be known. In 
order for all calculations at the rotor exit to be solved for successfully, C
 2 must be 
solved for iteratively since values of both Cp2 and T2 are unknown and directly 
dependent. However, since it is known from basic compressor design that the change in 
specific heat capacity at constant pressure is small across the rotor blade row, it will be 
assumed as constant. Therefore, the default Microsoft Excel iterative solution solver will 
only be required to solve for the temperature, T2, which can been obtained to an accuracy 
of a maximum change of 0.001 between consecutive iterations within the solver. 
Conversely, T2 cannot be calculated without solving for T02 first. Unfortunately, to solve 
for T02 requires that y2 be known. 
Recalling from Eqn. 2.18; 
Yi = 7 7 ^ 2.18 
Cv,2 









5 ( j ^ ) 
Since both Cp2 and Cv2 remain unchanged across the blade row, so does y2. 
:.y2= 1.3994 
31 
Now that y2 is known, T02 and thus T2 may be calculated. 
I'm = Tn, < 1 + 
PR[ A J _ , 
•02 — *OI 
r02 =(232.29£) 
f(l.3994-l)/ ] (3.0)1 /i-3994j_] 
1 + - (0.87) 
.-.702=330.62^ 
2.39 




But, 71 cannot be solved until Af „, is calculated first. 
' & mean,*. 
v 




Recalling that ^ - y]VaxiaJ2+VuX2 , Vmean2 may be solved in a similar fashion; 
F = Iv2 +V2 
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axial^1 "~~ 
sec and tip of the blade, at the rotor T.E. 
The total enthalpy rise across the rotor is; 
nOl ~fh>\ ~ ^meanX u,mean,2 mean,\\ u,mean,l 
2.41 
Thus, Vumem2 may be solved by re-arranging Eqn. 2.41. 
(Ah0+Umm,jr./mmj) 




Since rmean>2 = l30%rmant, it follows that Umean<2 = 130%Umean, 
Umean,2=U0%UaeanA 




Recalling Eqn. 2.17, h^ may be solved for by substituting Ah0 and AT0, where 
Ah0=h02-h0l. 
AB2 = A)l + Cp,02 (^02 ~ Tm) 2.43 
h02 = 233,558.23-^+1005.57-^-T(330.62/i:-232.28JK) 
% (%•/:) 
.•.A„2s332,434.14— 
Now that h02 is known, Ah0 can be calculated; 
A^, =332,434.14—-233,558.23— 
. - . ^ ^ 9 8 , 8 7 5 . 9 1 — 
kg 
Now that AA0 is known, VumeQn2 can be calculated from Eqn 2.42; 
98,875.91—+1^312.85—Yo.00—1 ] 
_ ^ kg \ secA sec^j V 
ujnean,2
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Using Eqn. 2.38, ^efln 2 can be calculated; 2.38 
F = lv 2 +V 
rmean,2 V a x i a l £ ^ r u,2 
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In order for Af „, to be solved for, a, must be also known. 
mean,! 7 z 
2.19 
a2=4y2RT2 
Recall that T2 requires Mmean 2 to be solved, and Mmean2 requires a2 to be known, but a2 
cannot be solved without a known value for T2. Therefore the solution can only be 
obtained through an iterative approach as discussed previously. Again, using the default 
Microsoft Excel iterative solution solver a second time, T2 can be obtained to the same 
accuracy of a maximum change of 0.001 between consecutive iterations. 
Thus, as calculated from the solver, T2 = 288.60AT. Note that this iterative 
calculation is performed simultaneously along with the other iterative calculation 
previously discussed. Now that T2 is known, all of the remaining calculations required to 
plot the h-s diagram may be performed at the rotor T.E. 
2.19 a2=4y2RT2 
a2= 1(1.3994) { J \ 287.0, . 
1 (kgK)) 
(288.60^) 
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Recalling that the total pressure ratio Pi? = — = 3.0, P02 can be calculated; 
Pn 




Using the isentropic relationship in re-arranged formats for both pressure and density, P2 
and p2 can be determined. 
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For a non-isentropic process at which the specific heat is considered to be 
constant, the entropy rise is: 
(T \ (p\ (C +C \ 
*-*2-Si=CmLn hL\-RLn\&. ,where C w = » "> 2.49 
Since the airflow across the rotor is a non-isentropic process, and the Cp value is already 
constant as previously assumed, the change in entropy can be found. Using 
CBm si005.5 r-, As can be found. All other first stage rotor L.E. and T.E. 
'•"*• (kg-K) 
calculations can be found in Appendix D. 
A ,™ C c J r (330.62/^ „„,,„ J _ (G$>,354.%KPa\ 
As = 1005.5-; ^Ln\ -287.0^ -Ln\ — 
(kg-K) {232.2SKJ (kg-K) {22,7S4.9KPa) 
Ass 39.65 J (kgK) 
C. Calculations Summary 
In order to fully understand the calculation results, the velocity triangles, h-s 
diagrams, and blade geometry can now be constructed and analyzed. By calculating the 
enthalpy, entropy, velocity triangle vector components and angles, and blade geometry, 
the inlet and exit velocity triangles, h-s diagram (absolute and relative), and blade axial 
profile geometry may now be constructed to confirm the validity of the calculations. 
C.l. Velocity Triangles 
Once the calculations have been performed, the blade L.E. and T.E. velocity 
triangles were constructed for the hub, mean-line, and tip of the blade, however only the 
blade L.E. calculations have been included within the body of this report. The blade T.E. 
velocity triangle details can be found in Appendix D. 
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Table 2.5: Summary Tables of Calculated Rotor L.E. Velocity Components, 
Flow Angles, & Thermal Properties 
1 Parameter 






































Enthalpies & Entropy Change 
h,(J/kg) = 217,891.85 
ho, (J/kg) = 233,558.23 
h2(J/kg) = 290,191.52 
I102 (J/kg) = 332,434.14 
As (J/(kg-K)) = 39.65 
Wh(lb,,=240.09 m/sec. 
V„nuwb,r=177.01 m/sec. 
(a) Hub W«^,=359.45 m/sec. 
• audi i=177.01 m/sec. 
(b) Mean-line W%r496.13 m/sec 
Vaxiai,tip,i=177.01 m/sec. 
(c)Tip 
Figure 2.9: Rotor L.E. velocity triangles 
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As expected, the blade L.E. tip velocity along the radial distribution of the blade 
is much greater than that at the hub. Also, the inlet relative flow angle has increased in an 
expected manner across the blade's radius. The L.E. and T.E. tip velocities across the 
blade are a much higher magnitude in comparison to the rest of the triangle velocities. 
Due to this, they are the most critical since at the blade tip is where the transonic 
Shockwave is bom. Although not shown previously, the calculated T.E. velocities and 
flow angles have changed relative to their inlet values as expected and are shown in the 
summary table below. 
Table 2.6: Blade Tip Velocity Triangle Characteristics Summary 




Vaxiau*,^ 177.01 m/sec. 
P*p,i=69.1° 
W u^p ,=463.48 m/sec. 
Vu,dpfi=0.00 m/sec. 
Vhp>1=177.01 m/sec. 
Blade T.E. Tip 








At the blade L.E., the speed of sound was calculated to be 295.02 m/sec. while at 
the T.E. it has risen to 340.46 m/sec. solely due to an increase in static temperature from 
216.70 K to 288.60 K. Since the speed of sound has increased while all of the velocity 
components drop across the blade apart from Utip>2, it is apparent that there is a shock 
wave present within the blade row. Thus, although tip velocities may be within or above 
the transonic range at the L.E. blade tip, they are acceptable as long as the shock wave 
occurs early enough along the blade chord to allow for turning of the flow when it exits 
the blade row. Based upon the large drop in velocity components at the T.E., this is the 
case. 
C.2. h-s Diagrams 
The h-s diagrams for both the relative and absolute frames of reference have been 
constructed to help visualize the thermodynamic reactions across the blade row. As 
discussed in Section A.6. of Chapter 2, it can be shown in the plots of Figure 2.10. that 
the reaction at the L.E. and T.E. are both indeed isentropic while there is an entroply rise 
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h-s Diagram, Relative Frame of Reference 
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-* As=39.65 ». 
60.000 
Entropy (s,J/(kgK)) 
Figure 2.10: h-s diagrams of first stage rotor blade 
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C.3. Blade Geometry 
Upon completion of the first stage rotor blade row calculations, the blade L.E. and 
T.E. geometry are now known and are used to construct the optimum blade axial profile. 
From the summary table below, the axial blade profile is illustrated in Figure 2.11. 
Table 2.7: Optimum Blade Geometry Summary 
1 Blade Geometry 1 
rUD.i = 0.4024 m 
rmean.l= 0.2716 m 
ri,ub.i = 0.1408 m 
1 rbiade.i = 0.2616 m 
0V/ = 0.0° 
1 O W 7 = 0 . 0 ° 
a* U 6 .y=0 .0° 
Pno.! = 6 9 . 1 ° 
Pmean.i= 60.5° 
| /?Au6.,=42.50 
r„D.2= 0.4061m 1 
rmean.2= 0.3531m 
rub .2= 0.3000 m [ 
rblade.2= 0.1061 m 
allo.2= 53.0° 
<Xmean.2= 5 6 . 8 ° 
a„ub.2= 60.9 • 
£,„.;= 58.2° 
Pmean.2 = 45.l° 
Phub.2 = 2 0 . 5 ° | 
0 ^ = 3 1 . 5 ° 
<W,= 53.1° 
G - ^ 6 3 . 6 0 
Chordhub= 0.1047 m 
Chordmam= 0.1414 m 
Chordm= 0.1809 m 
Axial Chordhub = 0.0893 m 
Axial Chorion, = 0.0848 m 
Axial Chordm = 0.0804 m 
1 Nb, = 4l 
L.E. T.E. 
[ 1 J \ t 
j I \ rbbde^  
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In order to validate that the blade design calculation results solved in Chapter 2 
are indeed able to support a PR=3.0 at an altitude of 12,500 m (41,010.5 ft.), the software 
program UD 0300M has been used. UD 0300M is an axial compressor through flow 
computer software program that was constructed in Fortran 77 by the US Air Force in 
1982. Still after so many years, this program continues to be a world's leading axial 
compressor design software program, and is frequently relied upon throughout the 
industry today. 
The resulting rotor blade geometry that was calculated within Chapter 2 was 
entered into the UD 0300M program input files, and the program was executed to 
confirm the new blade design. Along with the blade geometry and accompanying blade 
angles, the inlet conditions from Chapter 2 were also used. These conditions include such 
parameters as; local atmospheric temperature and pressure and kinematic viscosity, 
number of blades within the blade row, inlet and exit relative and absolute flow angles, 
mass flow rate, and rpm. In addition to the solved criteria from Chapter 2, an 
accommodating annulus section is also required as input to the program, which has been 
constructed based upon the calculated blade geometry. 
From the given input data, the program's function is to solve the flow field 
parameters at chosen stations and their respective streamlines throughout the entire 
annulus section. The program also solves a smoother or corrected geometric blade design 
along with the overall pressure rise and isentropic efficiency across the given blade row 
or rows. As a feature of the program, once execution has ceased successfully, an output 
file is created. This file contains a summary of the annulus (x,r) co-ordinates, blade 
geometry, and the input file inlet conditions along with an output calculation summary 
section. Within this output summary section, the solved flow field parameters across each 
station are highlighted. These include the static and total temperatures, pressures, and 
enthalpies, along with entropy, absolute and relative mach numbers, and velocity 
components. Additional geometric blade design details for streamline and constant z-
plane blade manufacturing section geometry can be included within this file upon user 
request. From this output file, the UD 0300M software program results have been 
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analyzed and compared to those obtained through the Excel spreadsheet calculations of 
Chapter 2. 
B. UD 0300M Source Code Background 
The purpose of the UD 0300M source code is to perform both aerodynamic and 
geometric analyses of the flow across an axial compressor stage or blade row, and 
compute the compressor's perfoimance, during a program single run. The program 
fundamentally consists of two sections; a blade geometry definition section, and an 
aerodynamic analysis section. Either or both sections may be executed during a single 
run, however the blade geometry section may be executed several times (once for each 
blade row included within the input files) during a single run. This is the case only if 
multiple blade row information is included. 
The UD 0300M computer program is also exceptionally versatile and makes very 
few assumptions as to the nature of the compressor's configuration. This gives the user 
considerable flexibility throughout the design process. However, there are many 
automatic functions that the designer can choose to allow for a simplified compressor 
design process. This is highly beneficial in cases where only a preliminary design is 
required or if a compressor design of such high-level detail is undesirable. As a user-
friendly program, UD 0300M also provides many error diagnostics to alert the user to 
one of many possible input or computational errors, and their possible corrective actions. 
The program is run in the command prompt through the use of a batch (.bat) file. 
As an important feature of UD 0300M, this batch file is used to execute the main 
program and instruct the program of which output files to store or delete upon finish of 
the main program execution. During a single run, the program automatically updates the 
original input files with new data using the output data of the previous trial. The user can 
then take advantage of this option for an iterative design process (multiple program runs) 
by modifying the batch file commands. Although, the user can simply delete the updated 
input files by instructing the program to do so within the batch file. This feature also 
enables the program to run multiple times and record a separate output data file for each 
run. 
UD 0300M consists of an aerodynamic analysis section, a blade geometry 
definition section, and a program execution control section. The control section of the 
program determines, as per user instructions, the number and order of the entries made 
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into the aerodynamic and blading sections of the program. The number of blade rows 
being designed determines the number of entries made into the blading section. Only one 
blading section is entered per blade row design. During execution of the program, only a 
single execution of the aerodynamic section analysis is performed for each design pass. A 
design pass within this program is defined as an aerodynamic analysis plus at least one 
blade row geometry definition. Multiple design passes may be made during a single run, 
in which case multiple executions of the aerodynamic analysis are performed. Multiple 
entries into the blade definition section are also made only if more than one blade row is 
being designed or if a single blade row is being designed and there are multiple design 
passes. 
How UD 0300M solves the fluid parameters through the flow field section is the 
program calculates the aerodynamic section data from the given geometry, and then re-
calculates the geometry from the newly solved aerodynamic section data during each 
design pass. If the geometry is not known, which a flag within one of the input files 
indicates, then the program initially calculates it using the aerodynamic section data input 
to the program instead. Only if the resulting output aerodynamic section data and 
geometry are within a user defined tolerance between two consecutive passes will the 
program be deemed as successfully converged. 
Either the aerodynamic or blading sections of the program may be executed 
separately. If the aerodynamic section is executed, it is always executed first. To perform 
the aerodynamic analysis, the user must supply blade geometry and performance data, 
presumed to have been generated from a previous execution of the blade geometry 
definition section. In the design mode of operation, the program may need to execute 
several passes to assure compatibility between the blade geometry data input to the 
aerodynamic analysis section and the blade geometry data output from the blade 
geometry definition section. The purpose of the multiple design pass option is to perform 
this function automatically. During each design pass, the blade geometry data input into 
the aerodynamic analysis are updated by the data output from the blade geometry 
definition section. The user can control the sequence of the program execution by 
selecting the required input data flags. The functions of the aerodynamic analysis and 
blade geometry definition sections of the program are defined within the next two 
sections. 
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B.l. Aerodynamic Section 
As in the case of all compressor axial flow software programs, the flow through 
the compressor in UD 0300M is assumed to be axisymmetric, and inviscid. As per the 
users choice, the fluid properties are either computed for a perfect or ideal gas. A 
streamline curvature method of solution is employed to solve the system of equations. 
Also, entropy and enthalpy gradients in the cross-streamwise and streamwise directions, 
as well as the blade forces are taken into account within the momentum equation where 
they have been simply neglected within the preliminary design calculations. 
The distribution of angular momentum through each blade row may be specified 
in the "design" or "analysis" mode. For the "analysis" mode used within this research 
proposal, the relative flow angle distribution at each station is specified by including the 
blade angle and a given set of deviation angle distributions. 
Aerodynamic losses that occur across each blade row can either be specified and 
held constant or re-calculated and continuously updated as the computation proceeds. The 
losses can be specified by means of radial distribution of relative total pressure loss 
coefficient, isentropic efficiency, or entropy rise. An option for off-design analysis 
involving relative total pressure loss coefficients and relative flow angles is included 
within the program, and can be selected through the use of a flag within the input file 
section. In this analysis, a minimum loss coefficient and a reference relative outlet flow 
angle are given and deviations from these values are computed as a function of relative 
inlet angle and its reference value. In addition to this, the user can also choose to separate 
the effects of aerodynamic blockages into blockage due to blade wakes and due to 
boundary layers on the annulus walls. 
Apart from the above stated user defined aerodynamic detail options, many others 
are available within the aerodynamic input file section, however no other aerodynamic 
section input variations will be discussed herein. 
B.2. Arbitrary Mean-line Blade Section 
For each stream surface section, relative flow angles at a number of points along 
the meridional chord line are specified. The incidence angle at the leading edge is 
specified by the user and hence, the blade section inlet angle is known. The trailing edge 
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deviation angle is determined from an estimate of the cascade solidity, since the actual 
chord is not yet known. 
The stacking of the 2-dimensional blade sections is determined from one of four 
options; stacking on the centroids, stacking on a location relative to the centroid, or 
stacking at either of the leading or trailing edges of the blade. For the simplicity of the 
design within this research proposal, the blade was chosen to be stacked on the centroids. 
Once the blade has been defined by sets of Cartesian co-ordinates on each blade 
surface of each stream surface section, the blade data used within the aerodynamic 
analysis are computed at the computing stations common to the blade row. An option for 
stream surface and/or constant z-plane manufacturing blade section profiles can be 
selected. Constant z-plane manufacturing sections have been selected for this analysis, 
which are produced by interpolation of the blade co-ordinates at a user defined series of 
planes perpendicular to the stacking axis. The interpolation is achieved by fitting a spline-
curve through points on the blade surfaces and noting where it passes through the desired 
manufacturing planes. 
As in the case of the aerodynamic section, the arbitrary mean-line blade section 
contains many other user defined blade detail options that will not be discussed herein. 
C. Input Data 
There are only four input files that the UD 0300M through flow code reads from. 
These are file5.dat, aero.in (file6), blade.in (file7), and file8.dat. The aerodynamic input 
data is read into the program from aero.in and file8.dat while the blade geometry data is 
read from blade.in and file5.dat. Ultimately, the aero.in and blade.in are the two main 
input files since file5.dat and file8.dat are only supporting data entry files. The input files 
can support a multiple blade row design that may include several rotor and stator blade 
row sections, which can be solved during a single pass. However, only one rotor blade 
row is used in UD 0300M for the purpose of the blade design within this research 
proposal. 
C.l. Blade.in Input File 
Despite all of the detailed blade geometry solved for within Chapter 2, only 
several key blade geometric features are required for this program input file. This is due 
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to the nature of how the UD 0300M program solves the flow field variables across the 
blade row. Because the program calculates the geometric blade design using the 
aerodynamic analysis, the program solves many of the geometry parameters calculated in 
Chapter 2 during its execution, thus not requiring them in the input file. The required 
blade geometry input data required to run UD 0300M are: 
number of blades 
mean-line blade radius profile 
ratio of blade L.E. radius-to-chord 
ratio of blade max. thickness-to-chord 
ratio of blade T.E. half-thickness to chord 
ratio of blade max. thickness, to camber line length from the L.E. 
The above listed blade chord ratios have been determined from plots of typical 
transonic blade profiles as shown below. Once each profile has been generated, the 
required distributions 
were calculated based 







upon the equation of the 
profiles at specified radial So 150 
distances across the | 
blade. The data locations 
chosen to extrapolate the 
data across each of these 
profiles for the purpose of 
this study were at the hub, 
tip, and three equidistant 0^.200 
stations in between 
(stream-lines 1, 6, 11, 16, 
and 21). Table 3.1 below 
indicates the remaining 
blade geometry required 
for the blade.in input file. 
= 1405x2-30116x + 01607 
0002 0004 0006 0008 
L.E Radius-to-Chord Ratio 
0002 0004 0006 0008 0010 
Max Thickness-to-Chord Ratio 
T.E Half-Thickness-to-Choid Profile 
0300 
0250 




Max Thickness as a Frac of Camber 
Line Length from L.E. 
y = -0 6683x2 + 1 1554x - 0 3846 
0000 
0 020 0040 0 060 0 080 
Half-Thickness-to-Chord Ratio 
0 450 0 550 0 650 0 750 
Max Thickness as a Frac of 
Camber Line Length Ratio 
Figure 3.1: Blade ratio profile distributions 
The mean-line radius distribution that is input to the program is only the radius at 
which the incidence angle and additional deviation angle is chosen for the program input. 
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Note that streamline 1 is located at the blade hub and streamline 21 is at the tip of the 
blade. 
Table 3.1: Blade.in Input File Data 
Blade Mean-line 
Radius Profile 
1 Streamline 21 
1 Streamline 16 
1 Streamline 11 
1 Streamline 6 






| Number of blades = 41 
C.2. File5.dat Input File 
The remaining blade geometry used as input data for the UD 0300M program is 
included within the file5.dat input file. Only the T.E. radial profile and relative flow angle 
distribution are to be included within this file. 
Table 3.2: File5.dat Input File Data 
| Stream-Line # 
1 21 | 20 



















































Recall from Chapter 2 that the exit relative flow angle at the blade T.E. was only 
calculated at the hub, mean-line, and tip of the blade in the preliminary design. To 
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Exit Relative Flow Angle Across 
Blade T.E. 
accommodate the requirement that the UD (BOOM program necessitates a distribution of 
21 equidistant relative flow angles along the blade T.E., a smooth parabolic trend-line 
curve was established through the three points. The equation of the trend-line was found 
as shown in Figure 3.2., and then used to 
solve the unknown equidistant relative 
blade angle distributions along the T.E. 
Therefore, the assumption that the blade 
angle varies in a gentle second-order 
parabolic trend is sufficient. 
C 3 . Aero.in Input File 
In order for the UD 0300M 
program to be able to solve the flow 
field parameters up to, through, and after 
the blade row, geometry for an annulus channel must be supplied in the aero.in input file. 
By providing the program input file with an array of (x,r) data points, the program will 
generate an annulus needed to guide the flow up to and through the blade channel. From 














Annulus Outer Casing Wall Blade L.E. 
-0.75 
Figure 3.3: Schematic of annulus geometry provided to the UD 0300M program 
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As indicated by the dotted vertical lines within the annulus plot above, 16 stations 
have been placed throughout the entire channel (including the annulus inlet/exit sections 
and blade L.E. and T.E.). The locations of these have been indicated within the file8.dat 
input file, which is discussed in detail within the next section. The annulus section had to 
be designed such that the axial velocity gradient across each of these stations, which is 
provided within the output file, remain as low as possible. Furthermore, the tangential 
velocity at each station must be as close to uniform as possible. This required running 
many UD 0300M trials with different annulus geometry variations and analyzing the 
output velocity profiles to confirm a valid annulus geometry design. 
As a safety feature, the UD 0300M program contains a built-in condition that 
allows it to check and see if the meridional velocity at any of the stations doubles any of 
the other meridional velocities at the same station. If this happens, the program still runs, 
but does not converge and an error message is included within the output file. For the 
preliminary annulus design, a soft converging bell curve was used. However, because of 
the high inlet flow velocities required for such an aggressive PR, the meridional 
velocities across each station experienced a large gradient that prevented the program 
from converging. Due to this, several annulus designs were used. Because of the extreme 
inlet conditions, the only annulus that would allow such a blade design to converge 
successfully in UD 0300M was an extremely slightly converging annulus channel that 
gently deviated away from the x-axis. This allowed the air flowing through the annulus to 
flow in an unobstructed path towards the blade without causing any large velocity 
gradients across each station. 
In addition to the annulus geometry, the aero.in file requires inlet static 
temperature and pressure conditions, rpm, mass flow rate, number of blades within the 
blade row, and inlet absolute flow angle. The values included within the aero.in file for 
the design within this research proposal are listed in the table below. 
Table 33: Aero.in Input File Data 
Aero.in Input Parameters 
/w = 27 kg/sec. Pi#*r* 17.865 kPa ^=1005.5 J/(kgK) 
rpm =11,000 rev/min TUtadc= 216.7 K *=287.0 J/(kgK) 
aj = 0.0° vUtatic = 0.0000173 m2/sec. Nbl = 41 
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C.4. File8.dat Input File 
The only function offile8.dat is to supply the locations of the stations throughout 
the annulus channel, as well as the streamline locations on each station. A total of 16 
stream stations with 21 streamlines were chosen for this design. Although optional, the 
streamlines spacing has been set to equal distances across each streamline (5% 
incremental locations all the way across each station). Although it may not clearly be 
seen in Figure 3.3 below, stations also reside at the annulus inlet, exit, and blade L.E. and 
T.E. 
The function of these stations and their streamlines is to allow the program to 
solve the flow field parameters at the indicated streamline locations. By selecting the 
number of stations and the number of streamlines on each station, the user is able to 
establish the size of the nodal grid system at which the program will compute the flow 
field parameters. 
Annulus Stream-Wise Locations 
0.5 T 1 
0 t ^ " ! I 1 — I 1 1 " 1 • — I 1 I l 1 1 h h—H 1 1 1 1— 
-0.75 -0.65 -0.55 -0.45 -0.35 -0.25 -0.15 -0.05 0.05 0.15 0.25 0.35 
x-axis (m) 
Figure 3.4: Annulus station and streamline locations 
D. Running UD 0300M 
Initially, upon entry of the solved geometry and inlet conditions of Chapter 2 into 
the UD 0300M input files, due to the inclusion of various loss calculations, the UD-
0300M program did not operate within the acceptable program limits. Since losses have 
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been accounted for within the program, some of the inlet parameters included within the 
input file caused the program to not converge successfully upon execution. Fortunately, 
as a feature of the program, error messages were displayed within the output file. These 
error messages specified whether the problem was of an aerodynamic or geometric 
nature. 
Fortunately, the only geometric program output errors involved re-shaping of the 
annulus and not the blade geometry itself. To maintain the geometric design conditions 
within Chapter 2, the only input parameters that were altered on a trial and error basis 
were the annulus geometry, engine rpm, and mass flow rate. Since UD 0300M includes 
both aerodynamic and blade loss factors, the initial rpm of 11,000 and mass flow rate of 
27 kg/sec. needed to be increased. By raising their values, the inlet flow conditions were 
able to overcome the generated losses calculated by the program and run within an 
operable program range. 
To ensure proper convergence of each program run, the minimum number of 
passes within the aero.in file was set to 25 with a maximum number of iterations per pass 
set to 500. This was done to confirm full convergence of the final results, as was the case. 
D.l. Trouble-Shooting with UD 0300M 
First, the losses flags and input setting flags (program calculation options) were 
altered accordingly to ensure that the program was solving the proper set of equations 
accounting for unique blade design conditions. Many program option flags needed to be 
set to the appropriate settings in order for the correct calculating environment to be used. 
Several of the many flags that were adjusted include: 
• option to use transonic momentum and continuity equations 
• option to use double circular blade arc geometric parameters 
• option to re-estimate the station and streamline locations 
• option to use user defined aerodynamic losses for the pressure loss distribution 
• option to use blade T.E. relative flow angle as geometric blade definition 
In addition to the above calculation options, the program required many loss 
distribution factors to be defined. All of the loss distribution factors included within the 
input files that were not modified were selected from the test case supplied with the UD-
0300M program. Although there were numerous aerodynamic and geometric loss 
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parameters used, modifying their distributions did not impact the output file of the 
program significantly enough to cause for deep concern in the program results. Many of 
the loss factors used where based upon standard percentages. The losses incorporated 
within the design are: 
• diffusion loss factor and associated loss parameters 
• relative total pressure loss distributions 
• wall blockage factors 
• wake blockage factors 
• wake distribution factors 
• blade T.E. loss coefficients 
• blade T.E. deviation fraction of chord factors 
• blade tip loss factors 
• blade mean-line incidence angles and associated factors 
D.2. Modification of Input File Data 
Although changing many of the UD 0300M program flag settings and adjusting 
the various loss distribution factors did in fact removed several of the program error alert 
messages within the output file, the program was still operating outside of the acceptable 
limits. However, the program was only failing to converge due to insufficiently low flow 
field velocities. To account for this, the annulus geometry was modified accordingly. 
The annulus was modified to account for the unpleasant axial and tangential 
velocity characteristics initially observed across each station. The annulus was modified 
in a trial and error manner by altering the inner and outer casing (x,r) co-ordinate 
locations across the channel until the following criteria were met: 
• minimal A VMiai across each station (approx. 40 m/sec.) 
• minima] ^ Vtangeadai across each station (approx. 0.0 m/sec.) 
Using this method, the annulus was transformed from a traditional bell shaped 
chamber to a slowly converging channel as previously shown in Figure 3.2. By 
modifying the annulus as required, the program was able to run and converge, however 
yielding only a pressure rise of iPr?=1.053. Thus, to increase the pressure rise to /7f=3.0, 
the engine rpm must rise in value. 
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E. Final UD 0300M Output Summary 
In order to achieve a pressure rise of PR=3.0 in UD 0300M for the proposed 
geometric first stage rotor blade design, the engine rpm required modification. Many 
trials were performed at various increased rpm, as indicated in the table below. Increasing 
the rpm significantly allowed the velocity triangle vector components to increase across 
the blade row, allowing the blade to achieve a larger pressure rise. 






































THROUGH-FLOW RESULTS AND DISCUSSION 
To confirm that the final design indeed converged in UD 0300M successfully 
while achieving a pressure rise of PR=3.0, a thorough dissection of the program output 
file was required. Aerodynamic, geometric, and thermodynamic analyses were performed 
to validate the UD 0300M output data for the program execution of the rotor blade row 
design. All UD 0300M output parameter distributions discussed below are attached in 
Appendix E. 
A. UD 0300M Aerodynamic Profiles 
Upon successfully running the UD 0300M program with full convergence, the 
created output file was thoroughly analyzed to realize the essential flow field 
characteristics. The resulting flow field velocity distributions at each station were 
examined and compared to the preliminary design results to analyze their behavior. 
A.l. Axial Velocity (Vaxiai) Distributions 
Ensuring that the annulus was appropriately constructed, the Vaxiai distributions 
were analyzed throughout the annulus across each station. The UD 0300M output file 
contains the calculated Vaxiai distributions across each of the 21 streamline points at each 
station. Average values across each station are shown below, in Table 4.1. The values are 
within the expected ranges here, and display how Vaxua tends to drop in value from the 
annulus inlet up until station #7 where after it then consistently rises throughout the 
remainder of the annulus. As the airflow passes over the blade at stations #11 and #12 
(L.E. and T.E., respectively), Vaxiai increases more rapidly than at any other stations, as 
expected. 
Table 4.1: Average Axial Velocity (Vaxiai) Across Each Station 


































To fully understand how Vaxiai behaves across the annulus, the AVaxiai distributions 
have been plotted as a function of % radial distribution along each station. Also, the 
location where the maximum value of Vaxiai was found at each station is indicated on the 
plot by an arrow, to help indicate how the flow progressed through the annulus. 
Furthermore, the dotted lines on the plot represent the peak axial velocity and aid in 
visually determining the A Vaxiai distributions across each station throughout the annulus. 
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Figure 4.1: Maximum change in axial velocity (^ Vaxiai) station distributions through annulus 
Table 4.2: Maximum Change in Axial Velocity {d Vaxiai) Across Each Station 































41.4 I S0.fi , 
For the most part, Vaxiai remains centered at the annulus mean-line and well 
distributed across each station from the entrance up until station #7, where its maximum 
value then progresses towards the outer annulus wall as the flow reaches the blade L.E. 
AVaxiai remains consistently low across stations #1 through #7, and then begins to grow as 
the flow approaches the blade L.E., as it should. Once the axial velocity crosses over the 
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blade, the peak axial velocity drops all the way to the blade hub from the tip. This is due 
to the increase in overall absolute flow angle and decrease in overall relative flow angle 
from the blade L.E. to the T.E. Most of the flow exiting the blade row is transferred from 
axial to both tangential and radial. After exiting the blade row, the axial velocity then 
reestablishes itself back closely to the vicinity of the annulus mean-line at the annulus 
exit. 
When comparing the UD 0300M flow field solution for Vaxiai to the preliminary 
design solution of Chapter 2, it can be shown that the average values across the blade 
L.E. and T.E. compare well. The two solutions in Table 4.2 are very similar with percent 
differences of 11.8% and 27.2% at the rotor blade L.E. and T.E., respectively. Due to the 
inclusion of aerodynamic and geometric losses, and boundary layer build-up, the axial 
velocity required to achieve the pressure rise of PR=3.0 across the blade is much higher 
than that of the preliminary design. 
Table 43: Comparison of Average Axial Velocity (Vaxiai) Results 










AV^iai @ L.E. = 23.7 m/sec. 
^Vaxiai @ T.E. = 59.6 m/sec. 
Thus, from examining the Vaxiai profile through the annulus and comparing to the 
solution of Chapter 2, no surprises in how the flow behaves gives credit to a well-
established and valid annulus design. Moreover, this also indicates that that blade 
geometric design is solid. 
A.2. Meridional Velocity (V) Distributions 
In a similar fashion to the axial velocity, the meridional velocity distributions 
were also analyzed to further confirm the annulus design. The UD 0300M output file 
contains the calculated V distributions across each of the 21 streamline points at each 
station as follows in Table 4.4. 
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Table 4.4: Average Absolute Velocity (V) Across Each Station 
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Table 4.5: Comparison of Average Absolute Velocity (V) Results 









294.3 m/sec. j 
AV@L.E.= 35A m/sec. 
AV@T.E.= 64.9 m/sec. 
Annulus Outer Casing 
From studying the output file, the change in meridional velocity, its distributions 
across each station, and the associated radial locations of the maximum values at each 
station each follow the same exact patterns of Vacua* When comparing the average 
meridional velocity distributions of UD 0300M to those of Chapter 2, it is noticed that the 
values compare well. 
Plotting the meridional velocity 
distribution delta across the L.E. and T.E. blade 
edges illustrates how the maximum flow J 15 
1 13 
velocity entering the row near the tip is ~ 
transferred to the hub at the exit. This 
characteristic of the meridional velocity | 7 
S 5 
distribution is very much the same result as that 
#1I(L.E.) 
Annulus Inner Casing . 
Figure 4.2: Meridional velocity delta (AV) at 
blade L.E. and T.E. 
of the axial velocity behavior. Since the overall 
absolute flow angle increases across the blade 
row while the overall relative flow rate 
decreases, a shift in the velocity triangles was be cause for the AV profiles across the 
blade in Figure 4.2. 
Despite the percent differences of 16.7% (L.E.) and 28.3% (T.E.) between the 
preliminary and through-flow design solutions being uncomfortably high, it is safe to say 
the meridional velocity distributions follow an acceptable arrangement through the 
annulus. The differences in average meridional velocity values across the blade are 
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attributed to the inclusion of aerodynamic and geometry loss factors within the UD 
0300M program. These losses not only directly influence the meridional velocity 
calculations, but also affect other parameters that the meridional velocity is dependent 
upon. 
A.3. Tangential Velocity (Vu) Distributions 
Since the inlet absolute flow angle or/=0.0° for this design, there is no turning of 
the airflow throughout the annulus until it reaches the blade L.E. Because of this, there 
should be no tangential velocity present until after the airflow enters the blade row as 
confirmed from the results summary below. The tangential velocity should also be 
uniform across each station, and gradually drop in value from the T.E. (sta. #12) through 
to the exit of the annulus (sta. #16). 
Table 4.6: Average Tangential Velocity (Vu) Across Each Station 




























Annulus Outer Casing 
As indicated within the program output file, 
the tangential velocities across the annulus are 
very much uniform across each of the non-zero 
stations. Although the distribution is not entirely 
uniform, there is a maximum difference of only 
11% between the lowest and highest velocities 
at each of the stations. Furthermore, Figure 4.3. 
shows how the delta in tangential velocity 
distribution at the T.E. is very small while it is 
Figure 43: Tangential velocity delta (AV„) ..u T „ _ f . . t 
at blade L.E. and T.E. z e r o a t ^ L E - ^ P e a k tangential 
velocity is also indicated to be at the tip of the blade. This is expected since more turning 
of the airflow is accomplished at the tip of the T.E. edge (atiP,2>ahubj)-
#11 (UE.) 
Annuhis Inner Casing J #12 (T.E.) 
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AA Absolute (M) and Relative (Mrei) Mach Distributions 
Again, because the preliminary calculations of Chapter 2 do not account for any 
losses, the relative and absolute mach values of UD 0300M do not compare as well, 
however their distributions behave as expected. The average absolute mach distributions 
remain more or less unchanged from the annulus entrance up to the blade L.E. where they 
suddenly rise as they do in the preliminary calculations. Despite the drastic increase 
across the blade row, the absolute mach remains subsonic throughout the annulus. 
Table 4.7: Average Mach Number (Af) Across Each Station 

































Table 4.8: Comparison of Peak Relative Mach Number (MreJ) Results 










The program relative and absolute mach solutions are lower than that of the 
preliminary design. These large discrepancies are due to the absolute and relative mach 
distributions being calculated using the meridional, axial, and relative velocity 
distributions, which are all directly affected by the included loss calculations of UD-
0300M. Furthermore, the local speed of sound used for the mach calculations is 
dependant upon the thermal properties of the air, which are also affected by the 
aerodynamic losses. Since the velocity distributions and local speed of sound calculations 
within the program are all directly affected by the incorporated aerodynamic losses, the 
relative and absolute mach distributions will only amplify these deviations from the 
preliminary calculations. Thus, even though the output file mach distributions differ in 
value from the preliminary calculations, they follow the same trends, which is of utmost 
importance. The realization of how significant the incorporated aerodynamic losses are is 
a key part of determining and understanding the differences in the UD 0300M solutions 
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from those of the preliminary design, and will aid in verifying the proposed first stage 
rotor blade row design. 
Relative Mach Delta 
Annulus Outer Casing 
Absolute Mach Delta 
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Figure 4.4: Absolute and relative mach delta (AM & AMrej) at blade L.E. and T.E. 
The distribution of the relative and absolute mach delta profiles are quite similar 
in comparison. At the blade L.E., both mach values will be largest at the tip of the blade 
since this is where the meridional and axial velocities entering the blade row are highest. 
The profiles at the T.E. for both absolute and relative mach are consistent with very little 
change across the radius. Although this is the case, the peak absolute mach value is 
centered near the mean-line of the T.E. while the relative mach profile is quite the 
opposite, being higher near the hub and tip edges than at the center. These through-flow 
results cannot reveal as much about the nature of the mach distribution through the blade 
row as initially hoped. To fully understand the mach profiles and location of any potential 
shock waves, two-dimensional computational fluid dynamics (CFD) analysis must also 
be performed. 
B. UD 0300M Geometric Profiles 
Once the flow field velocities have been analyzed and verified, the blade 
geometry was also studied to ensure that the geometric design of the first stage rotor 
blade row was valid. It is apparent that the designed blade axial profile geometry did not 
change using the UD 0300M program from the preliminary design since the geometry 
was included within the program input files. However, the iterative convergence criterion 
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of the UD 0300M program requires the recalculation of the relative and absolute inlet and 
exit flow angles. Therefore, the resulting flow angles within the output file were 
examined to validate the geometric blade design. 
Table 4.9: Blade T.E. Absolute Flow Angle (a2) 
Distribution 
B.l. Absolute Flow Angle (a) Distributions 
The inlet and exit absolute flow angles were obtained from the program output 
file and studied to verify the geometric blade design. As foreseen, the inlet absolute flow 
angle remained constant at zero degrees across the entire blade L.E. 
Recalling from Chapter 3 that 
that <X2 distribution has not been 
included within any of the input files, 
but were calculated in UD 0300M based 
upon the supplied input file data. The 
distribution of the blade exit absolute 
flow angle within the output file was 
obtained as shown in Table 4.7. 
Knowing that the absolute flow 
angle is solved from the axial and 
tangential velocity distributions, the 
unexpected opposite trend of a2 from the 
UD 0300M solution can be identified by 
analyzing the dependant velocity 
distributions. It is known that the 
tangential velocity from the preliminary 
design drops from the hub to the tip across the blade T.E. while the axial velocity is held 
constant due to the imposed free vortex condition. 
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From analyzing the velocity distributions of the program output file, it is noticed 
that the tangential velocity does quite the opposite, rising from the hub to the tip across 
the T.E. while the axial velocity drops from the hub to the tip. Since the program includes 
the possibility of stream wise gradients of enthalpy, entropy, and angular momentum 
within the continuity and momentum equations, this would explain the change in Vaxiai at 
both the L.E. and T.E. of the blade. The tangential velocity increase at the T.E. from the 
hub to the tip is attributed to a rise in enthalpy from the hub to the tip. Recall from 
Chapter 2 that by applying the condition of constant specific work at all radii, the 
enthalpy gradient term —— equaled zero since the radial distribution of enthalpy 
dr 
ds 
remained uniform. In addition to this, the entropy gradient term T— was considered as 
dr 
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Figure 4.5: Inlet and Exit Absolute 
Flow Angle Distributions 
from the hub to the tip of the blade T.E. has been validated. 
solutions, it is shown how significant these 
two free vortex condition assumptions are 
despite omitting them to simplify the 
preliminary design calculations. Thus, 
since the program does not neglect the 
enthalpy and entropy gradient terms, and 
Vaxiai is not assumed as constant, the 
absolute flow angle at the T.E. will in fact 
increase across the radius from the hub to 
the tip as shown to the left. Therefore, the 
unexpected rise in exit absolute flow angle 
B.2. Relative Flow Angle (fi) Profiles 
Both of the inlet and exit blade relative flow angles have been calculated by the 
program, and their distributions have been compared to those of the preliminary design. 
Although the exit relative flow angle J32 distribution has been included within the input 
file data, it has been re-calculated as part of the iterative convergence criterion. 
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Table 4.11: Blade Relative Flow Angle (fi) 
Distributions 
The relative flow angle distributions from the UD 0300M output file resemble the 
distributions from the preliminary design solution for both the inlet and exit relative flow 
angles. The angles increase from the hub radially outward to the tip of the blade at both 
blade edges, with the exception of the first seven inlet streamline locations outward from 
the hub. Here, the inlet relative flow angle rapidly drops over the first 30% of the radial 
profile and then slowly increases across the remainder of the L.E. This is the result of a 
lower Vaxiai value near the hub of the blade L.E., which is a common feature of transonic 
blade designs. 
Contrary to the blade L.E., the relative flow angle distribution across the blade 
T.E. steadily increases along the entire the blade radius. Comparing the obtained angle 
distributions from the output file to the preliminary design solutions, it is noticed that the 
rate of change in relative flow angle is equivalent. Nonetheless, the inlet relative flow 
angles solved in UD 0300M are roughly 12° larger in value than those of the preliminary 
design, whereas the re-calculated exit relative flow angles are within only 2° of the 
preliminary design. At the L.E., an increased 
amount of turning of the flow is needed to 
overcome boundary layer build-up across 
blade and satisfy the design requirements of 
a PR=3.0. Moreover, as was the case with 
the mach distributions, since J3j is calculated 
using Vaxiah Wu, U, Vu, M, and a, it can be 
realized that the discrepancies of these 
parameters, due to the inclusion of 
aerodynamic and geometric losses, will 
contribute to a much different fij value. 
Therefore, it is noticed that the large 
discrepancy in pj lies solely upon the 
difference between the inlet velocity triangle 
parameter distributions of UD 0300M and 
the preliminary design calculations due to 
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Figure 4.6: Inlet and exit relative flow 
angle (fij & p2) distributions 
Table 4.12: Comparison of Blade L.E. and T.E. Relative Flow Angle (fi) Distributions 


























C. UD 0300M Thermodynamic Profiles 
The final step in analyzing the output file data includes the study of the 
thermodynamic parameters. The thermodynamic parameters of interest include both the 
static and total temperature, pressure, enthalpy, as well as entropy rise. 
Bear in mind that the preliminary calculations for the temperature, pressure, 
density, enthalpy, entropy, specific heats, and thus ratio of specific heats were all 
calculated at the blade L.E. and T.E. mean-lines only. This was the result of applying the 
constant specific work at all radii condition and the free vortex condition, which required 
that the radial distribution of the enthalpy and entropy be held constant. Therefore, 
although the thermodynamic distributions of the UD 0300M output file are provided 
throughout the entire annulus, only the blade L.E. and T.E. thermodynamic profiles will 
be examined herein. Furthermore, given the stable aerodynamic and geometric results, it 
is safe to assume at this jxmcture that the associated thermodynamic profiles away from 
the blade surface are within reasonable tolerances anyhow. 
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C.l. Temperature (7) Distributions 
Since the static and total temperatures calculated during the preliminary design 
were only solved for at the L.E. and T.E. blade mean-lines, average values of the static 
and total temperature distributions from the output file were evaluated. 
Table 4.13: Comparison of Blade L.E. and T.E. Average Temperature (7) Distributions 






















From comparing the average temperatures of the two solutions, percent 
differences of 5.7%, 6.7%, 2.2%, and 8.4% for Tj, T0J, T2, and T02, respectively, show 
that the temperature distributions of the two solutions in deed match up closely. 
Moreover, the static and total temperature distributions across the blade edges are similar 
in comparison and reveal well-dispersed profiles. Because the program aerodynamic and 
geometric results are lower than the preliminary design results due to the incorporation of 
losses, it is given that the thermodynamic profiles will follow suit for the same reasons. 
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Figure 4.7: Static and total temperature (T& T0) distributions 
C.2. Pressure (P) Distributions 
In a similar fashion to the temperature profiles, the pressure profiles of the two 
solutions also compared extremely well. The percent differences between the two 
solutions are 21.6%, 7.6%, 2.6%, and 0.1% for Pj, P0i, P2, and P02, respectively. The 
larger blade inlet static pressure differences are accountable to the non-uniform pressure 
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distributions caused by the aerodynamic losses and boundary layer build-up at the 
annulus walls. 
Table 4.14: Comparison of Blade L.E. and T.E. Average Pressure (P) Distributions 






















In conjunction with the static and total temperature distribution plots, the pressure 
profiles in Figure 4.8. follow the same trends. From studying the total pressure 
distributions at each edge of the blade, it is noticed that the pressure rise is approximately 
PR=2.5 at the hub and PR=3.5 at the tip. This confirms that the target mean pressure rise 
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Figure 4.8: Static and total pressure (P & P0) distributions 
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C3. Enthalpy (h) Distributions 
Comparing the average blade L.E. and T.E. enthalpy distributions of the program 
to the calculated mean-line values of the preliminary design, percent differences between 
the two solutions are 5.7%, 0.0%, 2.2%, and 3.0% for hj, hoj, I12, and ho2, respectively. 
Table 4.15: Comparison of Blade L.E. and T.E. Average Enthalpy (h) Distributions 























Knowing that the preliminary design did not account for variations in the radial 
distribution of enthalpy while UD 0300M did, the resulting enthalpy values still remain 
impressively close. This illustrates that although aerodynamic and geometric losses have 
been incorporated into the program, their effects allow the program to still maintain a 
high level of accuracy in its results while simulating a real life through flow analysis. 
Due .to the inclusion of the —-term within the program source code, not all of 
dr 
the enthalpy distributions across the L.E. and T.E. of the blade will be constant as shown. 
Only the L.E. total enthalpy profile holds a constant enthalpy value across the entire 
radius. The T.E. enthalpy distributions are not at all constant along the radius. Again, it is 
recommended that a two-dimensional CFD be performed across the blade to reveal 
possible explanations as to why the enthalpy jumps so much at the blade T.E. It is 
suspected that the presence of shock waves may contribute to this phenomenon, however 
only further CFD analysis of the blade row may provide reveal this. 
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Figure 4.9: Static and total enthalpy (h & h0) distributions 
C.4. Entropy (s) Profiles 
The entropy rise across the blade is far much higher in the preliminary design than 
the program output file as indicated in Table 4.14. Again, it is noticed that the program 
output average value when compared to the preliminary design is lower. 
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Table 4.16: Comparison of Entropy Rise (As) Across the Rotor Blade 









4y = 39.7J/(kg-K) 
Of all parameters, the entropy holds the largest discrepancy between the two 
solutions. To a certain extent, this is due to the dependence of the entropy calculation on 
other station parameters that also contain solution discrepancies. In addition to this, the 
program accounts for a radial variation in entropy while the preliminary design 
calculations do not. 
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Figure 4.10: Entropy (s) distributions 
The entropy remains constant as expected at the blade L.E., however at the blade 
T.E., the change in entropy is not. Although, the T.E. entropy distribution is not constant, 
it only increases from the hub at 2,598.9 J/(kgK) to 2,620.1 J/(kgK) at the tip. This is 
only a rise of 21.2 J/(kg-K) along the entire T.E. radius. Such a small change in entropy at 
the blade T.E. can be considered as negligible. This rise in entropy is a direct result of the 
ds inclusion of the entropy gradient term T— within the source code of UD 0300M. This 
dr 
illustrates that although assuming constant entropy across the blade L.E. and T.E. in the 
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preliminary design calculations, the added complexity of including the entropy gradient 
term is not a significant trade-off. 
D. Results Summary 
Despite the subtle inconsistencies between the UD 0300M and preliminary design 
solutions, all of the compared flow field aerodynamic, geometric, and thermodynamic 
parameters held exceptional accuracy given the losses and various conditions integrated 
into the program calculations. Thus, from reviewing both solutions and analyzing their 
results, it is verified that a pressure rise of P/?=3.0 can be achieved across the first stage 
rotor blade row. 
D.l. Affects of Inlet Absolute Flow Angle on Pressure Rise 
A rise in rpm from the preliminary design was necessary in UD 0300M to 
overcome the effects of shock and boundary layer build-up (losses). Since the rpm had to 
be increased, a further design improvement may be used to account for the further 
heightened blade tip velocities. By altering a/, its impact upon the tip velocity triangle 
components will help to minimize the shock induced losses by shifting the velocity 
triangle components to lower values. 
As indicated in Figure 4.11., aj has been varied from 20 ° to -20 ° to monitor its 
velocity triangle effects on the mass flow rate vs. PR. This has been done at the modified 
rpm of 27,850 rev/min., however with the rpm held constant. Refer to Appendix F for a 
complete data table of all values pertaining to the plot. 
For the given design, the program would not converge above and below the given 
mass flow rates for the corresponding inlet absolute flow angles due to choking or 
surge/stall criteria within the program. In the encircled region of the plot, in the range of 
PR=3.0 (as indicated by the circle), the most suitable design point would have to include 
an aj value that favors the reduction in mass flow rate. By lowering the mass flow rate, 
the relative mach at the tip of the blade is directly affected, causing it to drop as well. 
This will of course reduce the influence of the shock losses across the blade near the tip. 
Nonetheless, dropping the mass flow rate too much will cause an abnormally high 
difference between the inlet and exit relative flow angles Pi and p2. Therefore, an 
intermediate a§ must be selected with these concepts in mind. 
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Figure 4.11: Effects of inlet absolute flow angle (<*/) on mass flow rate (m) and pressure rise (PR) 
Table 4.17: Constant rpm, Variable Mass Flow Rate UD 0300M Results 
Summary at a/=5.0° 







































































Based upon these decisive factors, the recommended inlet absolute flow angle of 
aj =5.0 for the proposed blade design yields the most desirable results while achieving a 
pressure rise of PR=3.0. Table 4.17. illustrates the relationship that the mass flow rate has 
with pressure rise and overall isentropic efficiency for or/=5.0°. It is noticed that as the 
mass flow rate is lowered, the isentropic efficiency increases, however indicates the 
presence of a peak efficiency near 18 kg/sec. 
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CHAPTER 5 
COMPUTATIONAL FLUID DYNAMICS ANALYSIS 
A. Introduction 
Following a thorough through-flow analysis of a newly designed blade row, the 
next step in an advanced compressor blade design process is to perform computational 
fluid dynamics (CFD) analysis over its cross-sectional geometry. By generating a cross-
sectional mesh and performing both 2-D and 3-D analyses, a full understanding of how 
the flow field parameters behaves through the blade row can be achieved through 
examination of the flow field solutions. 
In order to perform any sort of CFD analysis, the cross-sectional profile of the 
blade must be known. Once the geometric (xy) cross-sectional co-ordinates are obtained, 
a 2-D grid generation program specific to turbo-machinery known as GRAPE 2-D is 
used. This program is an elliptic grid generator originally intended for isolated airfoils, 
and was created at the NASA Ames Research Center. The sole function of GRAPE 2-D 
is to take the existing blade profile cross-sectional co-ordinates, and generate a C-type 
mesh that wraps around the blade. This mesh is then used as the grid at which nodes the 
2-D solution flow field variables are determined. This is done using a second program, 
Rotor Viscous Code Quasi-3-D (RVCQ3D), which was also created by NASA, however 
at the Glenn Research Center. Both RVCQ3D and GRAPE programs have been designed 
such that they are interface friendly, which enables the user to easily make geometry 
modifications at any time during the analysis phase. Generating a mesh, and performing 
the quasi-three-dimensional viscous flow analysis will highlight any distinct shortfalls of 
the rotor blade row design that have not been detected thus far from preliminary design 
calculations or through-flow analysis. 
B. Blade Geometry Profile 
In many of today's aggressive compressor designs, the first one or two stages 
usually operate at conditions that produce transonic blade tip speeds. Therefore, it is 
imperative that CFD analysis be performed at or near the tip of the blade. To fully 
capture what is physically happening in the flow field across the tip of the blade, it is 
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recommended that a blade profile cross-section just inward of the blade tip be selected. 
This would allow for proper 2-D analysis without the presence of any blade tip losses. 
Therefore, by selecting the blade cross-sectional profile at the 90% blade radius, the 
range over which the highly subsonic velocities become transonic can be observed 
without the 
influence of any tip 
loss effects. 
Analyzing 
the flow field 
solutions near the 
tip of the blade will 
detect and reveal the 






build up along any 
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x(xl0"lm) 
Figure 5.1: Designed rotor blade cross-sectional profile 
(streamline #19) 
1.50 
of the blades surfaces. This will enable the user to see how the presence of any of these 
1.40 T , 
phenomena will affect the airflow 
across the blade row. Due to the high 
geometric complexity of the 90% 
blade radius profile of the designed 
rotor blade (Figure 5.1.), it will not be 
used for this 2-D CFD analysis. Since 
this design will give rise to difficulties 
in generating a C-type mesh around 








' analysis instead. As illustrated in 
Figure 5.2: UD 0300M test case rotor blade 
cross-sectional profile (streamline #19) Figure 5.2., the test case blade 
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cross-sectional profile at streamline #19 displays a much less sophisticated cross-
sectional profile. This profile very much represents a flat plate-like airfoil with very little 
camber. Although the test case airfoil profile seems more solid, it can only produce a 
pressure rise of PR=1.9 at an rpm = 20222.0 rev/min. and m = 45 kg/sec. 
C. Grid Profile 
The data required for GRAPE to perform the mesh analysis of the cross-sectional 
geometry is only the (x,y) location co-ordinates of the 90% blade radius profile. Although 
the cross-sectional profile was previously generated by UD 0300M, the L.E. and T.E. 
geometry profile (xj>) co-ordinates generated by the program still required 
minor modifications to 
allow for proper 
meshing of the C-type 
grid. This is a common 
problem with grid 
generation techniques 
throughout the industry. 
Basically, the L.E. and 
T.E. radial profiles will 
vary from airfoil to 
airfoil. In cases where 
altering the grid size is 
desired for the same 
geometric profile, the 
radial profiles may 
again require 
modification to re-align 
the L.E. and T.E. co-
ordinates and satisfy the 
meshing requirements 
Figure 53: Test case profile with successfully generated C-type grid of the program. Upon 
successful re-adjustments of the L.E. and T.E. radial profiles, the C-type grid was 
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generated for the airfoil cross-sectional profile. 
D. Flow Field Solution Profiles 
The RVSQ3D software program is very useful with its impressive ability to 
present a large number of flow field solution profiles across a successfully generated grid. 
Despite the ability to view so many parameter flow field solutions, only a few have been 
generated and observed here to better understand the capabilities of this design analysis 
technique and program itself. 
Once the RVSQ3D program has solved the flow field solutions with full 
convergence, any of the listed parameters may be selected from a pull-down menu within 
the program and their flow field solutions can be viewed within moments. This will 
enable the user to further study the areas not only at the blade surface but at distances far 
from the blade profile in upstream, downstream, and adjacent directions. The plots below 
have been generated and shown to illustrate the effectiveness of this design analysis 
technique. 
(a) (b) 
Figure 5.4: 2-D flow field solution of UD 0300M test case profile; 




Figure 5.5: 2-D flow field solutions of UD (BOOM test case profile; (a) for total pressure (P0), 
(b) for total temperature (T0), (c) for static enthalpy (/?), and (d) for entropy is) 
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From the illustrated flow field solutions, it is shown how the presence of flow 
shock waves, flow separation, and boundary layer build-up are present. The color bar 
within each of the plots displays the color scale that represents the various magnitudes for 
each separate parameter. The white region at the top of each scale indicates the peak 
magnitude while the blue displays the minimum. For example, the flow field solution for 
total pressure (Po) indicates where the high and low-pressure regions are located. A 
localized high-pressure zone is located at the L.E. tip of the blade while the suction 
surface of the blade displays a large low-pressure region. 
Although a through-flow analysis may enable the detection of various airflow-
hindering phenomena, until their location and region size with respect to the blade profile 
is known, the designer cannot appropriately modify the blade geometry to reduce or 
eliminate their effects. Figure 5.6., below displays a close-up of the radial velocity vector 
field in an area of the blade where flow separation is present. This can allow the designer 
to correct the blade geometry by making minor adjustments to the profile and analyzing 
the results immediately. This iterative procedure is quite common and very useful in 
achieving a blade design that operates at high efficiency. 
Figure 5.6: Up-close look at the flow separation effects (blue vectors) revealed by the 2-D 
absolute velocity (V) vector field solution of the UD 0300M test case profile 
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Just from briefly applying this 2-D analysis technique, it is shown how beneficial 
this design method is. This analysis can give the designer a bird's eye view of what is 
physically happening through the blade row for any desired parameter. In contrast to a 
full view of the solution, the designer may also focus in on specific areas of the solution 
field to expose any possible flow separation as previously illustrated in Figure 5.6. 
Another important tool this design analysis method has to offer is that the designer can 




CONCLUSIONS AND RECOMMENDATIONS 
It has been concluded that, through the preliminary design, through-flow analysis, 
the first stage rotor blade indeed achieves a pressure rise of PR=3.0 under the applied 
extreme set of conditions. Based upon the consistent solutions between the preliminary 
and through-flow analyses, this indicates that the blade geometric design has been 
validated. 
By applying the preliminary design calculations, a comprehensive understanding 
of the basic compressor theory and concepts was attained. The importance of taking into 
account the aerodynamic and geometric losses among other important compressor theory 
conditions during the through-flow analysis also proved valuable. And while a brief 
investigation into the 2-D analysis techniques wasn't applied to the blade design, 
applying it to a test case nonetheless revealed another fundamental design technique that 
is widely used to improve upon turbomachinery designs. 
A. Report Summary 
From the analysis of a first stage rotor blade design under such an extreme set of 
inlet conditions, some aspects of the through-flow behavior have made the design 
analysis somewhat of a challenge. Understanding the influences of many simulated real 
situation flow conditions such as the effects of the aerodynamic, geometric, and 
thermodynamic losses in UD 0300M were vital throughout the development of this 
design study. By also removing \he free vortex condition along with the condition of 
constant specific work at all radii, the flow reveals a significant change in inlet absolute 
flow angle among other unexpected parameter changes. Although acceptable, the 
influenced inlet absolute flow angle illustrates how vital it is to take account these 
complex calculations that were otherwise neglected within the preliminary design. By 
heightening the complexity of the calculations involved with the blade design, simulated 
flow hindrances can be exposed, which are necessary in revealing any unforeseen 
problems during the initial stages of advanced transonic blade design. 
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A.l. Aerodynamic, Geometric, and Thermodynamic Losses 
Upon completion of the analyses of the UD 0300M program and preliminary 
design solutions, it must be stated that the loss factors of UD 0300M have greatly 
affected the output file results. Nevertheless, these losses play an important role in the 
design phase of compressor geometry. Since the aerodynamic, geometric, and 
thermodynamic losses have been included within the calculations, the program has taken 
into account many important turbomachinery concepts that the preliminary design simply 
omits. This is clearly due to the complexity involved with simulating transonic flow 
conditions across the annulus and blade section through the inclusion of associated 
expansion waves, accompanying boundary layer build-up, and blade tip losses among 
other factors. 
The transonic shock expansion waves and boundary layer build-up will become 
distinctively present at the annulus casing walls and across the blade surfaces near the tip. 
By incorporating the presence of these phenomena, the possibility of choking in the 
channel and surge or stall occurring through the blade row must now be taken into 
account. To overcome such phenomena, the inlet mass flow rate or engine rpm must be 
shifted accordingly (as was required within this design analysis) and their effects also be 
studied to further understand and avoid the choking or stalling of the engine compressor 
section. Thus, although the added losses have been an impediment in the design phase, 
they aid the designer by simulating real flow hindrances that the designer may not 
account for or anticipate. 
A.2. Free Vortex and Constant Specific Work Conditions 
By considering the^ree vortex condition associated T— and —- terms within 
dr dr 
the UD 0300M program, it has been shown from the results of Chapter 4 that although 
their contribution to the through-flow solutions are subtle, they are quite significant. 
Incorporating these terms within the design calculations through UD 0300M illustrate the 
corrections made capable by the advanced through-flow solver. All of the parameters of 
the preliminary design associated with enthalpy and entropy have been re-adjusted by the 
program, and the solutions enhanced. Thus, although the program accounts for these 
conditions while the preliminary design did not, their effects on the program solution has 
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demonstrated another factor of realism that simply could not be accounted for in the 
preliminary design. 
A.3. Inlet Mass Flow Rate and Engine Rpm 
As the mass flow is increased, the pressure rise PR will increase as well, but at a 
slower rate than if the rpm alone is increased. Thus, a rise in engine rpm will influence 
the PR at a much greater rate than an increase in the mass flow rate. However, this will 
cause an increase in the blade tip speeds on the blade, shifting the velocity triangle 
towards transonic speeds. 
Another factor in this decision is the blade's geometry. The mass flow rate will 
directly affect the blade geometry only whereas the rpm would not. An increase in rpm 
will only affect the velocity triangles and their related parameters. 
At transonic speeds, the blade will flex, and undergo torsion due to the angle of 
twist on the blade. Therefore, aside from aerodynamics, the designer must also consider 
the blade's structural integrity. To aid in a structurally sound blade profile, the selection 
of blade material along with a meatier blade design rather than a thinner one must be also 
taken into account. Although, too thick of a blade will more likely give rise to radial 
imbalances and resonance problems. It will also increase the metal blockage across the 
blade row and influence the stall/surge of the compressor. 
Thus a happy medium must be maintained when selecting the inlet mass flow 
rate, and engine rpm. Ultimately, the environment for which the compressor is to be 
designed will influence and dictate the appropriate combination of these parameters to be 
chosen. 
B. Further Design Considerations 
To further enhance the suggested final blade design of this research proposal, it is 
recommended that a thorough through-flow analysis also be performed at each of the off-
design inlet absolute flow angle aj variations. Upon successful study of the flow field 
parameters at each off-design point, an improved blade design featuring lower tip relative 
mach numbers may be selected. 
It is necessary to perform 2-D analyses following through-flow design analysis to 
highlight underlying problems in the flow that are undetected in the through-flow 
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analysis. Based upon the 2-D imperfections and dislikes, the geometry can then be 
tweaked in such ways, to satisfy the flow conditions. To further validate the design, 3-D 
analysis can also be performed on the designed blade, across its entire radius. Within 
these 2-D and 3-D analyses, various environmental settings may also be explored to gain 
a better understanding of the effects of local atmospheric conditions on the overall 
compressor blade row performance. To solidify the design, parametric studies similar to 
the ones performed within this research proposal may also be performed on the blade row 
in 2-D and 3-D. 
Another consideration to bear in mind is to account for these proposed 
advancements in blade design while accommodating existing compressor stage wheel and 
annulus geometries. Incorporating an innovative blade design or concept onto existing 
blade root geometries will no doubt accelerate possible testing and implementation 
phases and thus reduce associated costs. 
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Appendix A 
Preliminary Design Calculations Solution Summary 





































Solution Summary Table: 
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Preliminary Design Parametric Results Summary 
Appendix B.l. Optimal Parametric Design Results 
(/p/n=ll,000, m=27 kg/sec.) 














































































































































































The above table contains the preliminary design output parameter solutions at all 
of the htr ratios for Varia/,2=90%Vrfl»fl/f/ and rmeant2=:l30%rmeanti. The optimum preliminary 
design point is highlighted in the above table at htr=0.35. From the completed parametric 
study of the preliminary design, there were 90 tables constructed for rpmA and mA, just 
like the one above, and another set of 90 tables for rpmg and m .^ Parametric arrays were 
constructed for each of the rpm and m tables to allow for a clear indication of how the 
results shifted along with the varying parameters of Vaxiai.2, rtnean.2> and htr. 
Array Layout of the 90 Constructed Tables at Each Set of rpm & m 
V a x i a L 2=115%VaxaLl 
rmran.2=o-) 'c^mtan.l 
htr=0.3thni htr=0.6 
Change in rmean,2 only 
VMtaU=l 15% Vaxiai,, 
r
nifan.2—130% rmean, y 
htr=0.3 thai htr=0.6 
I 
Change in Va*ku only Change in 
'mcan.2 and Vaxiai,2 
Change in V ^ ^ only 
Vax iaI.2=85%Vax iai.i 
fmean,2=o~> /ormean<\ 
htr=0.3 thru htr=0.6 
Change in rmean,2 only 
V a xid .2=85%V a x i a U 
l
'wean.2= 130%rm e a n i 
htr-03 thru htr=0.6 
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As indicated within the arrays on the next two following pages (Appendix B.2), 
several patterns have emerged from mapping the tables. By noticing the trends of the red 
flags (solutions outside of acceptable limits) in the array for each specific output solution 
variable, this aided in the selection of the final optimum design point from the 
preliminary design. The general areas of interest were encircled and examined while all 
other design points were simply tossed aside. Appendix B.3 contains a detailed 
breakdown of all of the table solutions for each set of rpm and m. All of the potential 
design points have been highlighted in blue while the optimum design point that was 
selected for this research proposal has been highlighted in green. Since only the design 
points considered are already highlighted, none of the table parameter solution fields 
outside of the limit criteria are indicated with red flags. 
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Appendix B.2.1. Parametric Design Array 
(rpm=%500, m=2l kg/sec.) 




















Appendix B.2.2. Parametric Design Array 
(ipm=ll,000, m=27 kg/sec.) 
Preliminary Design Output Parameter Solution Summary Array 
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Appendix B.3.2. Parametric Study Results for rpm=l 1,000, m=TJ kg/sec. 
V„ial,2=97.5%V„laU, rmean,2=(85%, 90%, 95%, & 100%)rB1ea„,i 
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Appendix B3.2. Parametric Study Results for r/wt=l 1,000, *w=27 kg/sec. 
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Appendix B.3.2. Parametric Study Results for iywt=l 1,000, m=27 kg/sec. 
Varia,,2=90%V„ial,,, rmea„,2=(105%, 110%, 115, & 120%)rmean,, 
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Preliminary Design Parametric Plots for J/<urfa/,2=90%V( 
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Appendix C. Relative Mach Profiles for Vaxiai,2=90%Vaxiai,i at the Blade Tip 
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Additional Preliminary Design Detailed Calculations 
Appendix D. Additional Detailed Calculations Across First Stage Rotor 
I) Additional Mean-line Calculations @ the Rotor Exit (T.E.): 
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II) Rotor Hub Calculations @ the Rotor Exit (T.E.): 








:.Uhub2 = 345.62— 
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Using free vortex conditions, Vu hub 2 may be calculated: 
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Knowing that V2 = yjv^,2 + Vu2, Vkub2 may be obtained; 
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Again, using Equation D.8, F2 can be obtained at the tip of the blade; 
*2 =yj^axial,2 + K,2 
V = IV 2 +v * 
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IV) Additional Rotor Blade Geometry Calculations: 
Since the blade radii are known across the rotor blade, the span, stagger angle, 
chord, axial chord, pitch, number of blades, and solidity may be calculated. 
SpanLE =rlipl-rhubl 
SpanLE = 0.4024m-0.1408m 
:.SpanLE = 0.2615m 
D.24 
SPanT.E.=rtip,2-rh*l. 
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Kr = K + ^  WL.JI > W h e r e *i = *l 








But /«;=A;+-FP* , - - W 2
 2 
2. i y^  mean,} /•* mean ,2 
Therefore, combining equations D.46 and D.47, A02r becomes; 
/L. = / L + - F F 2 , 
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Annulus Stream-Station Geometry, and Through-flow Parameter 
Profile Solutions 
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Annulus Stream-Station Geometry Co-ordinates 






































































Annulus Outer Casing Wall Blade L.E. 
0 ® ©© 
Annulus Inner Casing Wall 
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*V,a( is the magnitude of the absolute velocity vector in three dimensions 























































































































































































































































































































































































































































































*V,0, is the magnitude of the absolute velocity vector in three dimensions 





















































































































































































































































































































































































































































































































*V,0, is the magnitude of the absolute velocity vector in three dimensions 






















































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 






















































































































































































































































































































































































































































































































[VM is the magnitude of the absolute velocity vector in three dimensions 




















































































































































































































































































































































































































Abs. Rel. Abs. Flow Angle 




















































*V,ot is the magnitude of the absolute velocity vector in three dimensions 































































































































































































































































































































































































































































































*Vh,t is the magnitude of the absolute velocity vector in three dimensions 
































































































































































































































































Stream-Station #8 Through-flow Velocity & Flow Angle Profiles 
Streamline # 





















































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 

































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 





































































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 































































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 


















































































































































































































































































































































































































































































































































































































































































%VM is the magnitude of the absolute velocity vector in three dimensions 













































































































































































































































































































































































































































































































































































































































































*Vto, is the magnitude of the absolute velocity vector in three dimensions 



































































































































































































































































































































































































































































































*VMis the magnitude of the absolute velocity vector in three dimensions 

















































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 















































































































































































































































































































































































































































































*VM is the magnitude of the absolute velocity vector in three dimensions 
























































































































































































































































Data Tables and Plot of Effects of Inlet Absolute Flow Angle on Mass 
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Note: The shaded regions above indicate the data solutions for full convergence of the UD 0300M program. It must be pointed out that all of the data points outside 
of these regions are not accurate and cannot be considered as valid results. 
Appendix F.l. UD 0300M Data Table Cont'd of Mass Flow Rate Vs. 
Pressure Rise at Various Inlet Absolute Flow Angle 
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Appendix F.2. UD 0300M Solution Results for Mass Flow Rate Vs. 
Pressure Rise at Various Inlet Absolute Flow Angle 
30 40 




Additional 2-D Computational Fluid Dynamics Solution Plots of 
Various Parameters 
189 
Test Case Blade L.E. Radial Profile with 
Pressure Distribution Solution 
Test Case Blade T.E. Radial Profile with 
Pressure Distribution Solution 
Designed Blade L.E. Radial Profile with 
Pressure Distribution Solution 
Designed Blade TM, Radial Profile with 
Pressure Distribution Solution 
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\o 
Designed Blade Absolute Mach (M) 2-D Designed Blade Radial Velocity (U) 2-D Designed Blade Absolute Velocity (V) 2-D 
Flow Field Solution Flow Field Solution Flow Field Solution 
Designed Blade Speed of Sound (a) 2-1) 
Flow Field Solution 
Designed Blade Shock 2-D Flow Field 
Solution 
Designed Blade Entropy (s) 2-D Flow Field 
Solution 
SO 
Designed Blade Total Enthalpy (//„) 2 
Flow Field Solution 
D Designed Blade Total Pressure (P0) 2-D 
Flow Field Solution 
Designed Blade Total Temperature (T0) 2-D 
Flow Field Solution 
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